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(  Part  IT:  THE  SONIC  ROOM 

1  Chapter  I:  CAUSES  AND  CHARACTERISTICS 

< 

{ 

Certainly  one  of  the  non t  con t rove re .ini  aspects  of  the  u'c*  of 
perscnic  transports  in  commercial  aviation  is  the  sonic  boon,  an 
hereni  part  of  supersonic  flight,  before  one  can  formulate  a 
reasonable  system  of  legal  rules  which  should  be  applied  to  sonic 
boom  damage,  one  must  fiist  achieve  a  basic  understanding  ct  what  a 
sonic  boom  is,  how  it  is  produced,  and  how  i  t  can  affc-ct  persons  and 
property. 

A.  Sonic  Boom  Production  by  Supersonic  Airplanes 

The  properties  of  ordinary  sound  are  an  appropriate  starting 
point.  A  drop  of  water  striking  a  pool  of  water  creates  a  sr all  wave 
that  expands  in  a  circle  around  the  place  where  the  drop  hit  the  water. 

In  a  similar  manner,  a  sharp  disturbance  in  the  air  creates  a  wave  of 
agitation  called  a  source  or  sound  wave  which  expands  outward  from  the 
place  of  disturbance.^  When  such  a  wave  reaches  our  ears,  wc  perceive 
sound.  Ordinarily  the  wave-generating  object  will  cause  a  number  of 
air  disturbances  in  a  short  period  of  time.  For  example,  a  piano  string, 
when  struck  sharply,  will  vibrate  back  and  forth,  perhaps  400  times  a 
second;  and  those  movements  will  produce  an  equal  number  of  consecutive 
sound  waves,  just:  as  drops  of  water  from  a  faucet  into  a  sink  create  an 
equal  number  of  rings  of  waves  (see  Figures  1  and  2) .  The  number  of  these 
sound  waves  produced  in  a.  given  time  determines  the  frequency  of  sound, 


which  our  ears  interpret  as  the  pitch  of  the  sound.  The  higher  the 


frequency  of  the  waves,  the  higher  the  pitch  perceived  by  the  ear. 


When  the  source  of  the  sound  waves  is  stationary  and  the  air 


through  whicii  they  pass  is  uniform,  the  distance  between  consecutively 


produced  waves  depends  entirely  upon  ha.*?  rapidly  the  sound  waves  are 


produced.  However,  when  the  source  is  moving,  as  in  the  case  of  a 


subsonic  jet  airplane,  the  sound  waves  which  have  moved  out  ahead  of 


the  plane  in  the  direction  of  flight  are  closer  together  than  those 


that  have  moved  opposite  the  direction  of  flight,  as  illustrated  in 


Figure  3.  When  the  source  of  sound  waves  moves  faster  than  the  speed 


of  sound,  as  in  the  case  of  the  supersonic  transport,  the  sound  waves 


expand  essentially  on  top  of  one  another,  as  shewn  in  Figure  4. 


This  bunching  together  of  sound  waves  forms  a  highly  energetic 


front  of  air  agitation  known  as  a  shock  wave,  which  travels  through 


the  air  like  a  sound  wave  and  which  is  closely  analogous  to  the 


large  bow  wave  produced  by  a  boat  moving  rapidly  through  the  water. 


This  is  a  continuous  process  of  disturbance  that  occurs  throughout  the 


period  of  supersonic  flight,  not  just  at  the  point  of  time  when  the  plane 


"breaks  the  sound  barrier."  The  shock  wave  can  be  thought  of  as  a 


moving  wall  of  compressed  air.  Any  object  the  wall  encounters  will 


experience  a  sharp  rise  in  air  pressure  —  an  increase  relative  to  tire 


pressure  of  the  air  in  front  of  the  wave  to  which  the  object  was  pre¬ 


viously  exposed.  A  typical  example  of  such  a  pressure  rise  .is  shown 


in  Figure  5.  The  difference  between  the  highest  pressure  experienced 


and  the  preceding  pressure  is  called  the  "over-pressure, "  a  term  often 


used  as  a  measure  of  the  strength  of  the  shock  wave,  just  as  the  height 


of  a  water  wave  is  used  to  describe  its  magnitude. 


II  i 


FIGURE  5.  Graph  showing  the  pressure  rise  accompanying  a 

shock  wave,  (Often  called  the  "signature"  of  the  shock  wave). 


FIGURE  6,  Typical  supersonic  transport  showing  production  of 

shock  v/aves  at  different  parts  of  the  plane's  surface, 
Pressure  signature  near  the  plane  is  shown  by  graph 
at  bottom. 


' 


As  it  passes  through  the  air,  a  shock  wave  gradually  loses  its 

energy  because  of  air  friction;  and,  if  it.  travels  far  enough  through 

the  air,  the  overpressure  declines  until  the  shock  wave  dissipates. 

But  since  the  shock  wave  from  a  supersonic  transport  is  initially 

quite  strong,  end  since  air  friction  is  relatively  slight,  such  a 

.  .  .  3 

shock  wave  tray  travel  well  over  50  j;iiles  in  the  air  before  dissipation. 
Therefore,  the  shock  wave  from  a  supersonic  transport  is  likely  to  strike 
persons  or  objects  on  the  ground,  creating  the  sensation  of  a  loud  bang. 
This  sensation  has  given  rise  to  the  common  term  "sonic-boom"  to  Ac.-ig- 
nate  the  shock  wave  generated  by  supersonic  flight — a  very  proper  desig¬ 
nation,  since  the  boom  wc  associate  with  an  explosit.  is  also  our  percep- 

4 

lion  of  a  shock  wave  which  the  explosion  produces. 

The  initial  strength  of  a  shoal;  wave  produced  by  a  supersonic  trans- 

5 

X>ort  depends  not  only  upon  the  size,  shape,  and  weight  of  the  airplane, 

but  also  upon  the  speed  and  altitude  of  flight.  Generally  speaking, 

the  bigger,  heavier,  and  faster  the  airplane,  the  stronger  the  initial 
6 

shock  wave.  On  the  other  hand,  the  initial  shock,  wave  is  less  strong 

if  generated  at  high  than  low  altitudes,  because  at  higher  altitudes  the 

air  is  "thinner"  and  there  are  fewer  air  molecules  for  the  plane  to 

7 

push  ahead  of  itself. 

Applying  these  generalizations  to  the  proposed  American  supersonic 
0  transport,  we  can  see  immediately  that  the  initial  shock  wave  will  have 
considerable  energy.  In  contrast  to  the  Air  Force  B- 50  bomber,  one  of 
the  largest  supersonic  aircraft  presently  employed,  which  has  a  length 
of  100  feet,  a  weight  of  50  tons,  and  a  maximum  speed  of  about  Mach  2,*^ 
the  SST  is  expected  to  be  nearly  300  feet  long  (the  length  of  a  football 
field)  and  will  weigh  about  300  tons;*’  even  though  its  cruising  altitude 


2bb 


will  be  in  the  larificv.  air  between  CO, 000  and  70,000  feet,  (12-34 

9 

miles)  ,  the  SST's  high  speed  of  Mach  2.7  (1800  1-JPII )  will  ensure 
extensive  collision  with  air  molecules  and  trong  resultant  shock 
waves.  Indeed,  one  of  the  technical  problems  faced  by  designers  of 
the  aircraft  is  the.  great  heat  produced  on  the  surface  of  the  plane 
by  the  friction  created  by  its  collision  with  air  molecules  at  70,000 
feet. 


Shock  waves  are  produced  by  a  supersonic  aircraft  at  each  place 
where  the  surface  of  the  plane  greatly  disturbs  the  air  during  flight. 

For  example,  the  simple  airplane  configuration  shown  in  Figure  G  pro¬ 
duces  major  shock  waves  at  the  front  of  the  plane,  the  leading  edge  of 
tl.e  wing,  and  the  back  edge  of  the  wing  and  tail.  In  that  same  figure, 
the  rise  in  pressure  near  the  airplane  that  corresponds  to  each  shock 
wave  may  also  be  seen.  As  these  shock  waves  move  through  the  air,  the 
ones  produced  between  the  front  and  tail  waves  tend  to  approach  those 
two  waves  and  eventually  coalesce  with  them  as  shown  in  Figure  7.** 

Figure  8  shows  clearly  that  the  maximum  overpressure  of  the  shock  waves 

12 

is  greater  after  than  before  combination.  For  the  supersonic  trans¬ 
port  cruising  at  60,000  to  70,000  feet,  this  combination  will  occur  before 
the  shock  waves  hit  the  ground.  However,  it  is  believed  that  at  altitudes 
of  4u,000  feet  or  less  this  combination  will  not  occur  before  the  shock 


waves  strike  the  ground;  so  the  exact  size  and  shape  of  the  plane  may 

have  an  important  effect  on  the  overpressures  experienced  on  the  ground 

13 

from  shock  waves  produced  at  these  lower  altitudes.  Unfortunately, 
the  airplane  shape  which  produces  the  least  strong  set  of  shock  waves 
before  combination  is  not  the  same  shape  which  gives  maximum  flight 

and  maneuvering  efficiency,  so  the  minimum  sonjc  boom  configuration 

14 

increases  the  operating  cost  of  the  airplane. 


FIGURE  8.  Comparison  of  the  overpressure  of  shock  waves  produced  from 

a  supersonic  transport  before  and  after  combination  of  the  shock  waves. 


m*c»4  i-1  MACH  JM?  mACU2.7 


FIGURE  9.  Different  directions  of  travel  of  shock  waves  formed 
by  aircraft  moving  at  different  speeds. 
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B‘  ^  Koo^s  trength. 

1,1  °rtter  t0  dCt°r'"ine  0,0  <**•"«*  strength  of  ss»  generated 
shoe,,-,,,.  ns  they  road,  a, a  ground,  „„  ,nust  focus  our 

on  the  front,  or  *»«*.  shook  wave  an  SST  would  produce.  ,„c 

<1“Ct1"0  1,1  ““  °,,00,;  ww  iBi«*Uy  trawl,  depends  upon  the 

of  the  plane  at  the  tlno  the  notation  produced.  Ex,ples 

of  shock  waves  produced  at  different  speeds  are  shown  ln  figure  g.  At 

“  9>  VC“  *"*'  U'°  "':’°1C  S'’0dl  "aV°  “>«  hss  bw»  produced  during  the 

prior  few  seconds  by  the  front-  r.r  n 

Y  front  of  a  plane  moving  at  a  constant  speed 

looks  like  a  cone  trailino  the  p]ane  at  in-,  4-  , 

no  plane,  at  least  when  the  atmosphere  is 

considered  to  he  perfectly  uniform. 

*°  d’“aCtetiSUCS  "  **  —  -*  he  carefully  distinguished. 

Tnc  save,  fro,;, t  sweeps  back  from  the  plane  in  the  conical  shape  illustrated, 
hut  the  c^ccMon  of  ^  ^  ^ 

^£2rliLSir»ayo_front  is  perpendicular  tc  the  front.  Analog  ca„  be 

made  to  ocean  waves  breaking  on  a  bead!  rw 

a  beach.  One  observes  a  line  of  breakers- 

the  wave  front— parallel  to  the  sho™  «,  «-  4-t. 

the  shore.  But  the  movement  of  the  wave,  and 

“  PlSUr°  *'  Wi",°  fr°ntS  “•  «’>«'»  bf  Unas  sweeping  back 

iron,  the  nose  of  the  plane,  and  the  direction  of  ,„ve„e„t  of  each  wave 
IS  shown  by  the  arrows. 

If  the  plane  is  flying  level  will!  the  ground  this  r 

ground,  this  cone  intersects 

the  ground  in  the  for,  of  a  hyperbola,  as  shown  in  figure  10.  Be  „ust 
not  forget  Hint  this  con.  is  only  a  picture  of  the  shock  wave  at  a 
Oivcn  —t.  and  that  oath  portion  of  the  shock  wave  actually  ,oves 

0  0°™°°'“  *°  the  wave  front,  h  series  of  i„eact, 

between  the  wave  and  the  ground  will  occur  as  indicated  by  the  dotted 


Diagram  showing  both  the  conical  sha; 
of  the  shock  wave3  trailing  the  supe 
sonic  transport  and  the  intersection 
of  the  shov  k  waves  on  the  ground 
(shaded  hyperbola). 
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lino  in  figure  11.  The  peat  of  the  shock  wave  which  is  produced  by 

the  airplane  at  a  given  place  in  the  air  travels  along  a  path  as  shown 

.in  Figure:  12.  Since  the  wave  must  travel  farther  through  the  air  to 

roach  the  ground  '  '  it  is  directed  out  to  the  side  of  the  plane  Ilian 

if  it  is  directed  beneath  the  airplane,  the  shock  wave  which  reaches 

the  ground  to  the  ride  of  the  path  of  flight  is  less  strong  (ignoring 

ntmosphe.v.i  c  distortion  for  the  rearnt)  than  that  which  readies  the 

ground  directly  beneath  the  path  of  flight. 

At  a  certain  distance  away  fro.'  the  path  of  flight,  the  shock 

wave  has  to  travel  -so  fat  before  reaching  the  ground  that  it  becomes 

dissipated  in  the-  air;  thus  the  width  of  the  affected  area  on  the  ground 

15 

is  limited  by  the  strength  of  the  initial  stock  wave.  Comparative 

strengths  of  shock  waves  reaching  the  ground  at  different,  distances  from 

the  path  of  flight  arc  illustrated  in  Figure  13  for  a  typical  supersonic 
16 

flight.  Estimates  of  the  width  of  the  area  which  will  be  affected  by 
the  American  supersonic  transport,  traveling  at  cruising  altitude  and 
speed,  range  from  30  to  00  miles.  Of  course  the  affected  area  extends 
along  the.  entire  path  of  supersonic  flight  as  illustrated  in  Figure  14. 
Since  supersonic  speeds  arc  expected  to  be  attained  between  100  and  200 
miles  from  the  airport  of  origin  and  to  end  about  100  miles  from  the 
destination  airport,  a  typical  flight  such  as  Few  York  to  bon  Angeles 
will  affect  the  large  swath  of  territory  shown  on  the  map  of  the  United 
States  in  Figure  15. 

1 .  Atnobphorj c  Distortions. 

The  strengths  of  shock  wavor,  striking  the  ground  along  the  path 

17 

of’Tlight  will  not  be  consistent,  for  the  simple  conical  fora  cf  the 
shock  'wave  which  has  been  described  does  not  adequately  represent  the 


FIGURE  11.  Diagram  showing  the  actual  path  of  travel 
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FIGURE  23.  Relative  overpressure  of  the  shock  wave  at 
different  points  on  the  ground  as  measured 
from  the  line  of 'flight. 


FIGURE  14.  View  from  above  the  airplane  showing  the  area 

covered  by  the  shock  wave  (sometimes  called  the 
sonic  boom  "carpet"). 


possible  variations  in  shoe];  waves  which  will  be  caused  by  an  actual 
plane  in  the  actual  atmosphere .  Wo  must  now  examine  one  by  one  the 
effects  of  certain  meteorological  phenomena  and  then  combine  these  ef¬ 
fects  to  illustrate  the  relative  strengths  of  shock  waves  striking  the 
ground  under  common  atmospheric  conditions, 
a.  Temperature  Effect 

The  non-uniform  aspect  of  the  real  atmosphere  with  which  we 

are  most  familiar  is  its  variable  pressure.  At  high  altitudes, 

the  pressure  is  much  less  than  at  sen  level.  Up  to  35,000  feet 

altitude,  this  pressure  decrease  is  accompanied  by  a  substantial 

decrease  in  the  temperature  of  the  air  from  an  average  in  the 

18 

United  States  of  50°P  at  sea  level  to  -70°F  at  35,000  feet. 

The  speed  of  a  shock  wave  is  strongly  dependent  upon  the  tempera- 

19 

ture  of  the  air  through  which  it  passes  and  the  shock  wave  travels 
more  rapidly  at  higher  temperature.  Thus  the  parts  of  the  shock 
wave  in  the  lower  altitudes  travel  faster  than  the  parts  in  the 
higher  altitudes.  The  net  result  is  a  bending  of  the  shock  wave 
as  shown  in  Figure  IS.  Figure  16  also  illustrates  a  case  in  which 
the  speed  and  level  of  flight  are  properly  chosen  so  that  the 
beiding  effect  directs  the  lower  part  of  the  shock  wave  parallel 
to  the  ground,  thereby  preventing  the  shock  wave  from  ever  striking 
the  ground.  However,  for  the  SST  traveling  at  cruising  speed, 
the  shock  wave  is  directed  so  sharply  away  from  the  line  of  flight, 
as  shown  in  Figure  17,  that  this  average  temperature  variance  can¬ 
not  prevent  the  shock  wave  from  reaching  the  ground  during  level 
20 


flight. 
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The  month  variation  of  pressure  and  temperature  which  has 

been  assumed  in  the  preceding  discussion  is  in  accordance  with 

a  conceptual  model  known  as  the  standard  atmosphere ,  which  is 

used  as  a  reference  for  comparing  different  meteorological  condi- 
21 

tionr, .  The  actual  atmosphere  rarely  conforms  to  the  model. 

The  two  localized  variations  from  the  standard  atmosphere  which 
have  the  greatest  effect  upon  shock  waves  passing  through  them 
are  temperature*  masses  and  wind  regions . 

Consider  first  the:  effeet  of  a  mass  of  air  with  a  temperature 
different  from  that  of  the  surrounding  standard  atmosphere.  As 
illustrated  in  Figure  Id,  passage  of  a  shock  wave  through  such  an 
ail  mass  distorts  the  shock  wave;  as  a  result,  energy  initially 
distributed  over  a  long  segment  of  the  shoe);  wave  tends  to  focus 
in  two  snail  portions  of  the  wave .  Consequently  the  strength  of 
the  shock  wave  at  these  two  points  is  increased  over  its  usual 
strength.  Further  passage  through  the  standard  t ' mosphere  tends 
to  defocus  the  strengthened  portion  and  recreate  a  shock  wave  with 
uniform  strength.  Therefore,  only  abnormal  temperature  regions 
lying  at  Jess  than  10,000  feet  altitude  have  any  detectable  effect 
on  the  relay ive  strength  of  the  shoe);  wave  as  it  reaches  the  ground. 

But  temperature  pockets  near  the  ground  arc  very  common — 
a  cool  pocket  over  a  large  body  of  water  and  a  warm  pocket  over 
a  city  are  typical  example:' .  A  typical  feces  from  a  warm  pocket 
on  the  ground  is  shown  in  Figure  19.  The  exact  magnitude  of  tb  : 
focused  strength  of  the  shea); 


wav.*  is  no;  clear,  but  a  doubling 
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In  addition  to  this  focus  effect,  a  recent  study  has  shown 

that  passage  of  the  shock  wave  through  air  colder  than  the 

standard  atmosphere  involves  less  dissipation  of  energy  than  passage 

24 

through  wanner  air.  This  means  that  during  the  winter  identi¬ 
cal  initial  shock  waves  will  strike  the  ground  with  more  energy 
than  in  the  summer, 
b.  Wind  Effect 

In  addition  to  the  temperature  masses,  regions  of  winds  are 
potential  causes  of  increased  strength  of  shock  waves  passing 
through  them.  Wind,  quite  simply,  is  the  movement  of  the  very 
medium  through  which  the  shock  wave  passes.  The  direction  of 
the  wind  is  crucial  in  determining  the  distortion  of  the  shoe); 
wave,  just  as  the  direction  of  water  flow  in  a  stream  is  crucial 
in  determining  where  a  swimmer  crossing  the  stream  will  land  on 
the  other  side.  A  very  simplified  sketch  of  the  effect  of  a  wind 
region  on  a  shock  wave  is  shown  in  Figure  20. 

Increases  in  the  relative  strength  of  the  shoe):  wave  created 
by  wind  regions  are  nullified  by  further  passage  of  the  shock  . 
wove  through  the  windless  standard  atmosphere.  One  study  has  in¬ 
dicated  tli at  wind  magnifications  created  above  15,000  feet  altitude 
cannot  be  detected  in  the  shock  wave  by  the  time  it  readies  the 
ground.  If  it  is  correct,  this  proposition  indicator,  that  jet 

streams  (centered  around  35,000  feet)  arc  not  significant  sources 

25 

of  shock  wave  magnification.  However,  winds  commonly  extend 
to  ground  level,  and  very  strong  unpredictable  winds  may  be 
expected  below  15,000  feet. 


26.1 


The  wind  effect  on  a  shock  wave  has  not  boon  thoroughly  in¬ 
vestigated,  find  the  extent  of  possible  magnification  does  not 
seem  to  be  agreed  upon.  The  two  most  detailed  studies  indicate 
that  two- fold  magnification  of  the  normal  shock  wave  strength 
may  occur,  but  neither  study  attempts  to  determine  the  magnifi¬ 
cation  resulting  from  very  localised  winds  which  would  be  expected 

26 

to  focus  the  shock  wave  sharply  j  nto  a  particular  place.  Of 

course,  not  all  the  effects  are  adverse:  sane  winds  may  activ.lly 

27 

prevent  parts  of  the  shock  wave  from  reaching  the  earth.  But 

wind  effects  will  cause  marked  variations  in  both  the  strength 

and  direction  of  movement  of  the  shock  wave. 

Because  atmospheric  variations  of  temperature  masses  and 

wind  regions  will  often  occur  at  the  same  time  and  place,  the 

effects  of  the  two  phenomena  on  a  shock  wave  will  often  occur 

simultaneously  with  the  result  that  a  single  shock  wave  may  very 

coruu.only  have  double  strength  and  sometimes  triple  strength  merely 

because  of  ordinary  variations  in  the  atmosphere  through  which  the 

shock  wave  must  travel.  Even  the  relatively  scanty  results  from 

experiments  which  have  been  conducted  up  to  the  present  time  have 

28 

shown  these  magnification  effects.  For  example,  Figure  20a 

which  is  derived  from  the  Chicago  tests  in  .1965  shows  that  double 

magnifications  occur  about  0.5  per  cent  of  the  time.  Lundberg's 

analysis  of  the  Oklahoma  City  tests  indicate  similar  probabilities 

although  his  results  are  probably  extrapolated  from  the  actual 
29 

experimental  data.  Figure  20b  shows  these  results  end  also 
shows  the  actual  area  which  would  bo  affected  by  the  magnified  shock 
waves  during  a  single  supersonic  flight  from  Los  Angela r  to 
New  York . 
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FIGURE  20b.  Graph  showing  the  probabilities  that  a  given  shock  wave 
of  normal  pressure  x  will  be  stronger  or  weaker  than  x  at  various 
distances  from  the  flight  path. 


For  example,  the  graph  illustrates  that  a  wave  at  least  twice  as 
strong  as  x  will  occur  with  a  probability  of  .001  (.1$  of  the  time)  at 
a  distance  33  miles  from  the  flight  path.  It  is  equally  probable  (.001) 
that  the  wave  will  be  at  least  2.25  tines  as  strong  as  x  on  the  flight, 
path.  A  wave  at  least  as  strong  as  normal  strength  x  (multiple  1.0)  is 
shown  to  occur  along  the  flight  path  with  a  probability  of  0.5. 

The  numbers  in  the  left  hand  column  indicate  multiples  of  normal 
wave  strength  (x)  from  . 5*  or  l ,  to  2.5*  or  2>-.  The  numbers  at  the 
left  end  of  each  curve  indicate  the  probability  value  of  the  curve: 
that  is,  the  probability  that  multiples  of  shock  wave  strength,  at 
least  as  strong  as  those  indicated  by  the  numbers  in  the  left  hand 
column,  will  occur  at  any  given  distance  from  the  flight  path. 


The  figures  in  the  right  hand  column  show  the  number  of  square 
miles  of  land  that  would  be  exposed  to  overpressures  having  the 
probability  value  of  the  curve  to  the  number's  loft  on  a  single  Lor: 
Angeles -Mow  York  flight .  Thus  it  is  indicated  that  1,23d  square  mi 
will  bo  exposed  to  overpressures  at  least  l.A  to  1.8  times  norm.11 3. 
strength  during  such  a  flight. 
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Fro:.:  that  figure,  it  is  apparent  that  those  seeming J.y  infrequent 
magnifications  wi .11  affect  very  largo  areas;  .indeed,  over  the  course 
of  a  year's  flights,  very  few  parts  of  the  areas  traversed  by  SST's  will 
remain  untouched  by  a  magnified  shock  wave. 

2. _ Maneuvers 

The  causes  of  shock  wave  distortion  so  far  examined  are  those 
which  Ccn  affect,  the  strength  of  a.  wave  produced  by  an  SST  flying 
straight,  level  end  at  constant  speed.  Additional  complications 
and  magnifications  nay  be  introduced  by  aircraft  maneuvers  which  the 
SST  will  he  required  to  make . 

At  least  once  each  flight,  the  SST  will  accelerate  from  subsonic 
to  supersonic  speeds .  This  acceleration  through  speeds  in  the  Mach  1 
range  will  cause  focusing  and  concentration  of  the  shock  waves  being 
generated  during  that  acceleration.  Since  the  causes  of  wave  focusing  arc 
similar  in  the  case  of  most  maneuvers  it  is  appropriate  to  examine  the 
acceleration  phenomenon  in  soma  detail;  thorough  understanding  cf  this  instance 
of  focusing  will  facilitate  consideration  of  other  maneuvers. 

Recall  that  the  shook  wave  front  is  almost  perpendicular  to  the 
flight  path  at  Mach  1  and  forms  an  increasingly  sharp  angle  with  the 
flight  path  as  speed  increases;  and  recall  that  the  direction  of  energy 
transmission  is  perpendi cul ar  to  the  wave  front.  As  the  SST  accelerates 
through  different  speeds,  no  two  of  the  wave  fvpnts  caused  will  be  pre¬ 
cisely  parallel  to  one  another,  and  hence  no  two  energy  paths  will  be 
parallel.  As  illustrated  in  Figure  21,  the  energy  released  at  Time  .1 
is  "nir.n.-d"  at  a  point  on  the  ground  well  forward  of  the  piano's  position 
at  that.  time.  At  Time  2  the  plane  h.  '  adwncod,  and  energy  released  at 
Tii'.:  2  is  nr.':  d  r/.ve  n.m  'ly  straight  <1  •  m-  --at  {•bout  the  same  paint  on 
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the  ground  at  which  the:  first  shock  was  d.  Moreover  shod;  number 
two  has  a  shorter  distance  to  travel  so  that  it  tends  to  catch  up  wit'n 
and  reinforce  shod.  number  one.-.  For  this  reason  there  is  a  significant 

focusing  of  energy  at  that  area,  on  the  ground  where  the  "sonic  boo;.' 

/ 

carpet"  first  occurs..  An  ar-a  i  r.  tli  e  shape-  of  a  horseshoe:  (with  the 
open  end  of  the  horseshoe  in  the-  direction  of  flight)  will  experience 
overpressures  of  unusual  intensity. 

An  analogy  may  as  fist  lull  understanding  of  the*  acceleration,  or 
horseshoe,  phono; u*n on.  Imagine  that  a  iiretruck  is  being  driven  down  the 
street  by  a  playful  fireman  who  d  ci.des  to  squirt  a  friend  with  the 
fire  hose.  He  aim.:'  the  hose  at  the  friend  and  turns  on  the  water 
while  the  friend  .is  wo!!,  up  the  street,  almost  ahead  of  the  truck  on 
the  sidewalk.  As  the  truck  moves  closer  and  finally  passes  the  friend, 
the  fireman  continues  to  aim,  pointing  the  hose  more  and  more  to  tire 
side  of  the  truck  as  the  truck  drawn  alongside  the-  friend.  Suppose 
that  the  speed  of  the  truck,  the  velocity  of  the  water  and  the  distance 
to  the.  friend  all  happened  to  be  such  that  all  the  water  particles  that 
had  been  shot  out  on  their  independent  journeys  toward  the  friend  over 
a  period  of  many  seconds,  each  on  a  diffr  nt  course  and  with  a  different 
distance  to  travel  to  the  friend,  happened  to  arrive  at  the  same  instant 
of  time.  The  friend  would  not  be  vetted  gently  over  a  period  of  many 
seconds  but.  would  bo  struck  violently  by  a  wall  of  water. 

A  similar  aggregation  of  shock  waves  striking  a  point  on  the 
earth  .is  vhnl:  causes  the  horseshoe  effect.  While  no  conscious  aiming 
is  involved ,  the  plane  sends  out  complete  conical  wall  of  shock  waves 
at  each  moment,  and  the  ilircct.3 or  -ovement  of  each  successive  wall  is 
progressively  more  downward  and  less  in  the  direction  of  flight.  There 


,  *«*»*«*  *•*•  ^  :  s*  v* 


will,  bo  smk  parti  cnlm  mvn  on  the  earth  bcnci  th  th  '  pi  «ik  to  situated 
ns  to  bo  subjt  etc  cl  to  the  focusing  effects  i  VI  01t.3nl.ee!  in  Figure  21. 

The  area  on  the  ground  that  '..'ill  be  affected  b\  this  focus.? ng  can  be 
predict*.  *3  fairly  closely  (-1  5  rules),  if  the  atmospheric  cono.i  tions 


are  not  too  severe:  end  tin  altitude  and  acceleration  arc  known.  Tht 


region  that  the  focused  pressure  wave  s tribes  looks  like  a  horseshoe 
300  feet  wide  be- .low  the  plane's  line  of  flight,  with  .its  open  end  .in 

the  direction  of  the  plane's  movement.  The  horseshoe  encompasses  an 

30 

area  of  about  one  sguar.e  mile.  This  focus  is  generally  considered 
to  give  at  least  a  two-fold  magnifi cation  of  the  normal  shock  wave  strength 
expected  from  level  flight  at  comparable  speeds. 

It  may  be  possible  to  minini  ze  the  horseshoe  focus  problem  by 
having  the  plane  climb  as  it  accelerates  through  the  transsonic  speed 
range.  If  the  angle  of  climb  is.  sufficiently  great,  the  initial 
direction  of  shock  energy  e.nd  the  bending  of  the  shock  waves  by  the 
temperature  gradient  in  the  atmosphere  may  reduce  the  effect  by 
forcing  the  shock  wave  to  travel  a  long  distance  through  the  air 
before  striking  the  ground,  as  shown  .in  Figure  22. 

A  second  common  maneuver  by  the  supersonic  transport  is  the 
"pushover,''  which  is  the  change  from  a  climb  to  horizontal  flight. 

This  maneuver  also  creates  a  st?:engthnncd  shock  wave  on  the  ground 
since  the  shock  waves  produced  during  the  climb  meet,  the  ground  at 
the  same  time  as  the  waves  produced  moments  later  during  horizontal 
flight.  Figure  23  shows  how  this  reinforcement  can  occur  by  oufJ  j niny 
the  paths  of  several  portions  of  the  overall  shock  wave  and  by  showing 
momentary  configurations  which  result  from  the  pushov.  r  maneuver. 
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Whore  the  two  shock  wavvs  apnein  to  folio/.  each  other  very  closely,  it 
is  bo 3 loved  that  they  coalesce  to  form  a  single  strengthened  shock 
WCVC!  . 

Measured  shock  wc  v«  s  h<wi  ng  ovorpressut  os  tour  times  an  groat  as 

31 

normal  hav  been  at  i  ribnfod  to  pushover  meet  vor« ;  although  if  the 
sup-  .rr.on.ic  transput  t  nuTict-  a  very  gradual  pv  shove:,: ,  fourfold  mngnifi- 
cat  ions  are  I'nlike.ly .  /••  si  mi  .'Wu  though  Icsj.  nvokod  effect  occurs  when 

the  supersonic  transport  leave."  level  flight  to  descend  and  decelerate 
as  shown  in  Figure  24. 

The  third  maneuver  which  me:  give  a  foetrsing  effect  upon  the 

ground  is  a  simple  turn.  The  reason:,  for  this  focus  are  the  sexto  as 

for  the  pushover  we  ncroer,  but  in  this  ease  the  doubling  ever  of  the 

shock  \!<<vc,  as  shown  by  the  r, toman fary  intersections  of  the  shock  wave 

with  the  ground  in  Figure  25,  occut s  only  by  portions  of  the  wave  which 

arc  already  reduced  in  strength  by  their  long  travel  through  the  air. 

This  is  to  be  contrasted  to  the  reinforcement  of  the  pushover  which 

involves  parts  of  the  shock  wave  having  the  least  distance  to  travel 

to  the  ground.  Moreover  flic  SST  traveling  at  Mach  2.7  will  move  in 

almost,  a  straight  line.  The  only  sharp  turn  required  will  bo  for 

landing,  and  that  will,  be  at  subsonic  speed.  Therefore,  serious 

magnifications  of  shock  wave  strengths  caused  bj  turning  the  SST 

32 

probably  will  not  ccrnr.fi lute  a  major  problem. 

.A  fourth  problem  .trialed  to  airplane  maneuver::;  in  the  simultaneous 
ground  i  ni  erseci.i  c  »  of  two  shock  wave,  produced  from  two  d?  fir; rent  super- 
sonic  transports  parading  near  one  another  (3b  miles  is  su  "fici  cmlly  close)  . 
Figure  2G  shown  clearly  that  the  two  shock  wav.  s  general  r-d  by  two  passing 
supersoui c  airplanes  will  roach  some  place  on  the.  ground  <•.;  the  s.mi, 
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diticns,  threefold  and  fou:fo3 d  magnifications  become  entirely  ror.mibiG. 

Similarly,  the  combi net  i  on  of  ja.-jncuvej shod;  waves  from  two 
different  p3  an  ok  could  result  in  eightfold.  magnification  under  distorting 
atmospheric  conditions .  However  the  relative  predictability  of  maneuver  • 

magnifications  should  make  it  possible  in  most  cases  to  avoid,  those 
extremely  largo  factors  of  reinforce;  icnt  by  using  routes  and  schedules 
which  will  avoid  overlapping  of  shod;  v:a\es  produced  by  critical  maneuvers. 

3.  Inflection.'; . 

The  magnifications  of  the  shod;  waves  from  the  supersonic  trans¬ 
port.  which  have  thus  far  been  discussed  occur  independently  of:  the 
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O).  wi  11s.  "  'rhorcf  >re  5 pc. re <■■  „c;  in  the  destructive  r.lrcnofch  of  a  shock 
wav:  hi  1 .1 ?  n ■;;  the  e;  on -cl  at  n  perl  ?  rul  r.r  place  rr  '  be-  mused  by  the 
flirml.tawKu::.  of  r  r«  fleeted  n.iork  v. re'.; . 

Figure  2ft  in  ..  ni'-ipllf  fed  y  nnc  l  ho:  a  s-:i.n<;l.:  rhock  v.civo  may 

be:  l'ei'J  acted  upon  .rise, If  .o  a  s  be  iicVl  v.l  i  h  it  - .  <  ■  ?.  x  to  form  a  rrvontari  .ly 

or, 

magnified  shoe’;  v.'v:.''  7»»yt  hi  ng  at  the  pi  as  e  v:?r  re  fie  afYU  t.f  on  occur 

(marked  by  the  rcnvjh  11  re  )  wov.J  d  be  affected  by  u  double  p  trc.  r.glh  shock 


The  coming  toj  v  of  two  shock  waves  oppoai  tc  directions 

does  result  in  a  ci  .rul. drier  of  their  .individual  siren.., the  along  the 
line  of  collision  of  the  two  fronts  just  as,  cv:o  water  wavs::  thus 
colliding  will  civ.:.u.l;;Lc  to  foru  a  single  higher  wave.  But  the  re¬ 
sultant  phenomenon  if:  not  an  clangorous  its  .it  a  single  wave  of  double 
strength  had  been  created  by  the*  plane;  for  unlike  the  piano -genera  ted 
wave,  and  the  other  instances  of  magnification  that  have  been  examined, 
the  collision-generated  wave  has  no  momentum,  h  region  of  doubly  high 
pressure  is  created  along  the:  j i no  of  the  two  shock  wave  fronts.  And. 
any  object  or  person  situated  at  that  line  would  experience  the  double 
pressure.  But  the  phenomenon  is  momentary  and  then  dissipates ;  it  does 
not  form  a  new ,  doubly  strong  shock  wave  roving  at  sonic  speed  that  will 
strike  anything  in  its  path. 

A  potentially  wore  das true live  addition  of  reflected  shook  waves 
is  shown  by  the  rc.fl<  cticn  effect  of  the  two  buildings  An  J’igurc  20. 

In  this  case,  at  least  navi  «.£  one  of  the  boi  .1  di rigs  ray  be  subjected 
to  the  double  pressure. .  Of  course,  reflections  off  hi  lie  as  v.ell  as 
build?  n.p-  c.:n  cause  a;i  addition  effect  with  i.  shoe!;  v?.:vo  a  shern  in 


J’.i  euros.  30  and.  31  .  Co...  paving  line  sc-  two  figures,  we  fee  th:  '  shoe’:  waves 
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which  intcisect  the  ground  ,-t.  rather  shallow  angles  arc  more  likely  to 

involve  additions  which  actually  affect  building.*;  and  persons  because  of 

36 

the  .intersection1?;  closeness  to  the  ground. 

The  supersonic  transport  '..’.ill  cause  two  shock  waves  v;hich  will 
strike  any  given  point  on  the  ground  about  0.3  seconds  apart.  There 
.is  very  little  in  the  sc.icnl.ific  literature  on  the  precise  interactions 
that  the  two  waves  will  have.  It  is  possible,  for  example ,  that  the 
reflected  bc.w  wave  coning  up  off  the  ground  will  tend  to  mini  mi  re ,  close 
to  the  surface  of  the  earth,  the  impact  of  the  following  tail  wave  by 
"filling  in"  the  low  jaossv.ro  region  between  the  two  waver.. 

Even  assuming  the  foregoing  speculation  is  correct,  the  upper 
portions  of  all  taller  structures  will  he  struck  first  by  the  bow  wave 
and  then  by  the  tai 1  wave  before  the  reflected  bev;  wave  has  had  an 
op£>or tun i ty  to  weaken  the  tail  wave.  If  the  specula!.! on  is  incorrect, 
all  objects  will  be  struck  sequentially  by  the  two  waves.  These  closely 


spaced  subjections  to  pressure  will  cause  a  resonance  effect  if  the  time 
lag  between  the  two  waves  is  equal  to  the.  natural  vibration  frequency 
of  the  object  struck  or  a  whole  multiple  of  that  frequency. 

Suppose,  as  is  illustrated  in  Figure  32,  a  window  in  a  tall 
building  is  struck  by  the  hew  wave,  an  cl  flexes;  inward  under  that  shock. 
Hundredths  of  a  second  later  the  bow  wave  has  passed  and  the  pressure 
outside  the  building  is  no;  lower  than  that  inside.  The  ’window  flexes 
back ,  bowing  outside,  because  of  iie  natural  period  of  vibration  and 
because  of  the  pressure  di  i  ferent.i  a  L .  Then,  as  it  starts  once  more  to 
reverse  its  di lectior.  of  f.tr.x,  it  is  .struck  by  the  tail  wave.  The 
•  ?c;ond  iu  ’arci  flex  will  be  of  a  greater  r-sqn?  tu-f.r  than  if  the  tail 


wav::  had  i  of  sires,  it  at  Hint  iwienf  j  and  the  window  rauv  »•?  nk  although 


neither  the  be.;  wave  nor  the  tei  1  v.’uvo  alone  would  have  brob.cn  it.  It 
is  not  noenyu-ivry  that  the  natural  pen i o<3  of  vibration  of  the;  window  be 
0.3  second:’:  in  order  for  thin  effect  to  occur.  If  its  period  of  vibra¬ 
tion  is  0 . 3  r,  second'  ,  0.1.  second1? ,  or  0.07i>  •  vcoufu  (1/2  or  1/3  or*  3/4 
the  shock  wav'  iJitcr.nl),  resonance  will  also  occuc. 

Since  these  shoe’,  waver  feel  lev:  each  other  very  closely ,  if  one 
of  the.-,  is  focused  either  by  Maneuvers  or  by  i.lsnosjete.ri  c  condi  t.ions , 
the  other  is  lib  ely  to  be  focuted.  Vnur  ,  vibrational  mpl.i  fi  cation 
because  of  resonance  caused  by  these  focused  shock  waves  nay  prove  to 
bo  a  serious  problem . 


C.  Sonic  hoc  m  Effects 

tilth  this  analysis  of  the  possible  variations  in  the  effective 
strengths  of  shoe);  waves  from  supersonic  tr  a  nr  worts ,  our  at.tenti  on 
must  now  be  directed  to  the  n**t  nre  of  damage  that  may  be  caused  by 
those  shock  waves.  1‘wo  broad  categories  of  direct  bam  may  be  in¬ 
volved — physical,  damage  to  property  and  psych  ole  •jicc.l  damage,  to  persons . 
1 .  Phy s ic al_  D >  ? ■ . i a ; . re . 

The  extent  of  physical  damage  to  property  that,  will  occur  depends 
not  only  upon  the  Ovvjnrrossurc.  (amplitude)  of  t.l.c.  effective  shock  wave, 
but  also  upon  the  sharpness  in  the  pressure  rise,  the.  tine,  duration 
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have  boon  made  to  design  the  hi.  m  i  i  v  a  superso.-ij  c  t  n  nspor.  t  so  that  the: 

average  overpressu  -  a  of  shock  waves  which  reach  the  ground  under  ordinary 
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conditions  wilt  be  loss  than  3.0  psf  (pound:,  pn  square  foot).  l>ut 

even  shock  waves  having  an  avc.ra.ne  overpressure  of  2.0  psf  will  lie 

magnified,  in  some  pel  ee. stage  of  cases ,  to  produce  effective  .localised 

shock  strengths  of  c.t  least  A  to  C  psf.  Unfortunately,  thus  far  the 

best  design  of  the  booing  supersonic  transport  indicates  that  the 

average  overpressures  will  bo  closer  to  3  psf  with  correspondingly 

higher  effective  localized  shod;  strengths.  Extensive  effort  is  still 

30 

being  expended  to  improve  this  result. 

Recent  experiments  which  have  been  conducted  to  tost  the  shock 
wave  resistance  of  glass  windows,  plaster,  and  structural  building 
components  have  indicated  that  very  high  overpressures  are  required 

for  a  single  shock  wave  to  create  damage  when  the:  glass,  plaster, 

39 

or  structures  are  free  of  stresses.  For  example,  overpressures  in 
the  range  of  13  to  20  psf  were  required  to  fracture  newly  and  expertly 
installed  glass  windows  and  to  crack  newly  and  expertly  plastered  walls. 

Similar  overpressures  did  no  ascertainable  damage  to  the  structural 

40 

components.  However,  much  less  st: . ng  pressures  arc  required  to  pro¬ 
duce  damage  when  stresses  are  present.  It  is  clear  beyond  dispute  that 
the  St.  Louis  test.,  which  had  no  measured  overpressures  greater  than 
3.1  psf,  caused  glass  damage.  Since  the  sources  of  these,  stresses  range 
from  warping  and  drying  of  materials  over  a  period  of  time  to  .imperfect 
workmanship  of  the  original  contractor,  probably  the  majority  of  structures 
in  this  country  have  significant  stressor,  in  one  part,  or  another.  There¬ 
fore,  tine  more  fac:  that  stresses  arc  rocuiroc'  for  damage  to  be  produced 

by  shoe);  waves  having  overpressure:;  of  2  to  A  psf  does  not  rugate  the 

41 

possibility  of  widespread  damage  from  such  shock  waves . 


-a.*'*.-  1 


2  7.1 


In  addition  to  the  over] >x\‘:r>nure ,  the  sharpness  of  the  rise  in  pres¬ 
sure  is  an  important  detormi m nt  of  the  extent,  of  property  destruction. 

For  n  >jiiK;.lc  shod:  wave  wi  th  a  given  overpressure ,  the  sharper  the  pres¬ 
sure  rise,  the  more  likely  it  is  that  s3.riv.ee  11  be  caused.  A  sharp 
pressure  rise  is  .sore  destructive.  boc:  u-  o  the  structure  cannot  respond 
and  "give"  a  little  before  the  full  ]«:■  ■  sire  of  the  shod:  is  upon  it. 

An  analogous  effect  is  the  common  experience  that  a  gradual  push  against 
a  window  is  not  likely  to  break  it,  but  a  sharp  blow  from  a  .baseball  will 
be  disastrous.  Therefore  the  common  requirement  of  local  ordinances  that 
structures  be  designed  to  wi  thstand  substantial  mind  pressures  (e_.g. ,  20  psf) 
does  not  guarantee  that  structuics  meeting  this  requirement:  will  be  immune 
to  damage  from  shock  leaves  having  overpressures  as  low  as  2  psf. 

The  sharpness  of  the  rise  in  pressure  will  vary  considerably  because 
of  atmospheric  variations;  so  it  is  doubtful  that  an  aircraft  with  any 


given  characteristics  will  consistently  produce  shock  wave-;  with  re 


latively  gradual  pressure  rises.  Figure  33  shows  the  wide  variation 
in  pressure  rises  caused  by  a  sin  lo  type  of  plane  and  recorded  during 
tests  in  Chicago. 

A  third  factor  which  affects  the  destructive  nature  of  shock  waves 
produced  from  supersonic  aircraft  is  the  time  difference  between  suc¬ 
cessive  shock  waves,  li  this  time  difference  corresponds  to  the  natural 
vibrational  frequency  of  the  object  which  is  hit  by  the  shock  waves,  the 
objeet  will  vibrate  strongly  just  ar  if  it  were  "in  tunc"  with  the  shock  waves, 
This,  is  file  sane  kind  o',  phenomenon  that.  or. 'cites  ringing  champagne 
glasses  when  an  opera  singer  hits  the  proper  note.  Just  as  sustained 
vibrations  nay  ca.v.o  the  champ.ogt  a  glass  to  break,  so  r.ustn-i : vibrations 
of  the  object  struck  by  the  slice',  wav-  ray  eairv  p.  r.  ur.it  damage  to  the 
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FIGURE  33.  Shook  wave  pressure  signatures  recorded  from  flight 
of  B-hfi  bombers  over  Chicago  in  1965.  The  signature  was  subjec 
to  change  at  least  every  two  hours. 
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object.  The  pressure  peaks  of  the  front  and  tail  shock  waves  of  the 

supersonic  transport  will  probably  fall  in  the  2  to  10  cycles  per 

« 

second  frequency  range,  a  range  that  corresponds  to  the  natural  vibra¬ 
tion  frequency- of  many  windows,  walls,  and  beams  in  common  buildings. 
Although  our  ears  cannot  hear  this  frequency  of  sound,  the?  building 
components  do  "hear"  it  and  react  accordingly.  Examples  of  the  vibra¬ 
tions  set  up  in  a  window  pane,  a  wall,  and  a  beam  by  the  front  and  tail 
shock  waves  from  a  typical  supersonic  aircraft  are  shown  in  Figure  34. 

The  time  duration  between  the  two  shock  waves  corresponded  to  the 
natural  frequency  of  the  beam  and  therefore  the  large  vibrations  shown 
in  that  figure  were  created. 

Up  to  this  time  no  experiments  have  run  long  enough  or  have  in¬ 
volved  sufficiently  frequent  flights  to  indicate  the  possibility  of 
cumulative  damage  from  vibrations  caused  by  repeated  exposure.,  to  shock 
waves  from  supersonic  aircraft.  However,  extensive  experience  with  other 
potentially  destructive  forces  has  indicated  that,  although  a  single 
shock  of  a  given  strength  is  required  to  create  particular  damage,  re- 

I 

peated  exposure  to  forces  only  one  tenth  as  great  will  eventually  cause 
the  eir.. a  damage. ^  Therefore,  it  is  possible  that  the  cumulative  effect 
of  five  or  ten  yearn  of  daily  exposure  to  even  the  ordinary  shock  waves 
from  the  supersonic  transport  will  prove  to  be  a  substantial  source  of 
physical  damage. 

2.  Effect  on  People 

Although  there  has  been  speculation  that  physiological  harm  might 

be  done  to  persons  by  the  direct  force  of  the  shod:  wave,  experiments 

have  shown  conclusively  that  no  probable  shoe):  wave  produced  by  a 

supersonic  airplane  will  be  strong  enough  to  rupture  eardrums,  the  part 

43 

of  the  body  rest  sensitive  to  shock  wave  pressure . 
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But  the  shock  wave  is  pcrcoiwd  as  a  very  loud  and  sudden  noise, 
flje  loudness  of  shock  waves  striking  a  person  directly  depends  upon  the 
overall  configuration  of  cadi  shock  wave  end  the  tiir.e  differential  be¬ 
tween  successive  waves.  The  higher  the  overpressure  of  the  shock  wave, 
the  louder  it  seems,  although  our  senses  cannot  readily  distinguish  the 
difference  in  loudness  between  two  waves  having  overpressures  differing 
by  only  1  psf.  A  sharp  rise  in  the  pressure  makes  Hit.  shock  wave  seem 
louder  than  a  wave  characterized  by  a  gradual  rise  in  pressure.  Perhaps 
most  important,  the  higher  the  average  frequency  of  Hie  sound  waves 

which  make  up  the  shock  wave,  the  larger  a  fraction  of  the  energy  actually 

44 

present  is  perceptible  by  the  human  ear  and  the  louder  the  noise  seems. 

The  average  frequency  for  supersonic  transports  will  actually  be  lower  than 

the  average  for  present  day  fighter  aircraft;  but  since  the  range  of 

frequencies  is  very  broad,  a  substantial  part  of  the  wave’s  energy  will 

45 

lie  in  sound  frequencies  within  the  audible  range. 

In  addition  to  these  characteristics  of  a  single  shock  wave,  the 
time  differential  between  successive  waves  is  important.  The  human 
ear  can  not  distinguish  between  shock  waves  which  are  less,  than 
0.05  seconds  apart.  Although  the  ear  responds  almost  immediately 
to  the  first  shock  wave,  any  other  wave  which  may  strike  the  ear  . 
within  0.05  seconds  is  perceived  as  an  augmentation  of  the  first  wave. 

The  effect  of  a  shock  wave  on  a  person's  sensations  also  de¬ 
pends  critically  upon  where  be  happens  to  be  when  the  shod:  wave 
hits.  If  he  is  standing  in  an  open  field,  only  the  shock  wave,  its 
reflection,  and  the  shaking  of  the  ground  itself  (earned  by  the 
widespread  impact  of  the  shock  wavs)  give  him  a  sensation  of  noise 
or  discomfort.  If  he  is  standing  near  buildings,  he  is  affected  by 
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FIGURE  35*  Diagram  showing  the  resonance 
caused  in  a  closed  room  by  vibrations  from 
walls j  ceilings }  and  windows  as  a  result  of 
a  shock  wave  striking  the  building. 
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when  booms  become  common.  A  division  of.  commentators  into  too  camps 
has  occurred — the  "no-startle"  group  and  t'nc;  "startle"  group —  and 
each  side  interprets  very  differently  the  experimental  data  that  arc 
available. 

The  first  types  of  experimental  data  cited  £  re  laboratory  experi¬ 
ments  in  which  volunteers  have  been  subjected  repeatedly  to  recordings 
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of  sonic  booms  or  other  like  noises  during  the  short  period  of  time 

comprising  the  test.  The  no-startle  group  cites  a  set  of  results  which 

indicated  that  a  noise  designed  to  be  the  equivalent  of  a  2  pst  shock 

wave  produced  no  physiological  startle  (measured  by  the  heart  rate) 
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after  the  first  exposure  during  the  test.  But  the  startle  group 
rejects  the  inferences  that  might  oc  drawn  from  such  tests  on  several 
grounds:  The  test  did  not  involve  the  strong  building  vibration  which 
a  real  shock  wave  causes.  The  volunteers  were  all  young,  healthy  and 
alert  persons.  Under  the  circumstances  only  the  first  simulated  sonic 
boom  could  be  expected  to  cause  a  startle  effect  because  the  subjects 
knev;  that  what  they  were  experiencing  was  only  a  test  and  expected 
subsequent  booms  (the  time  span  of  the  test  was  ten  minutes).  Finally, 
several  of  the  subjects  were  startled  by  the  first  exposure  and  experi¬ 
enced  a  significant  jump  in  heart  rate. 

The  startle  group  cites  a  different  laboratory  experiment  which 

indicated  that  the  upper  limit  of  acceptable  shock  waves  as  heard 
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indoors  is  1.0  psf  and  as  heard  outdoors  is  1.9  psf.  However,  the 
no-startlc  group  points  out  that  although  the  relative’ acceptability 
between  indoor  and  outdoor  shock  waves  may  be  correct,  the  method  of 
determining  the  quantitative  values  of  the  overpressure  was  sheer 


guesswork . 


None  of  these  laboratory  experiments  can  be  regarded  as  afford¬ 


ing  substantial  evidence  of  the  significance  or  potential  for  harm 
of  the  startle  effect,  especially  with  respect  to  sleeping  or  sensitive 
persons.-  It  seems  fair  to  analogize  experiments  conducted  thus  far 
to  testing  reactions  at  a  fireworks  display  for  the  purpose  of  learning 
whether  a  man  is  likely  to  be  sta.tled  by  the  unexpected  explosion  of 
a  cherry  bomb  under  his  bed. 

The  second  type  of  experimental  data  cited  by  the  opposing  groups 
in  this  controversy  involves  public  reactions  to  actual  sonic  booms 
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produced  in  tests  conducted  with  Air  Force  planes  over  populated  areas. 

The  no-startle  group  notes  that  the  number  of  complaints  received  in 

these  tests  was  small  compared  to  the  number  of  persons  exposed  to  the 
50 

shock  wave.  However,  in  opposition,  the  startle  group  argues  that 
most  people  generally  are  reluctant  to  make  formal  complaints  and 
that  public  opinion  polls  are  a  better  guide  to  the  true  reaction  of 
persons  subjected  to  the  boctns .  They  note  that  a  poll  conducted  shortly 

after  the  St.  Louis  test  showed  that  74  percent  of  the  people  experi- 
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enced  startle  reactions  and  31  percent  found  the  startle  to  be  annoying. 

The  no-startle  group  counters  with  the  observation  that  polls  after  the 

o 

tests  in  Oklahoma  City  showed  that  a  person's  willingness  to  accept  sonic 
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booms  was  highly  correlated  with  his  attitude  toward  the  SST  program. 

But  the  startle  group  points  out  that  the  same  polls  shew  that,  even  of 

persons  with  the  most  favorable  attitude,  eight  percent  said  they  could 
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not  accept  eight  sonic  booms  daily. 

Buried  among  these  statistics  from  the  Air  Force  tests  are  several 
undisputed  facts :  First,  the  shock  wave  overpressures  reaching  the 


ground  under  the  flight  path  ranged  from  about  one-half  the  average 


expected  foi  the  SST  to  a  maximum  about  equal  to  the  S'JT  average.  There 

were  no  b  ,>oms  as  loud  as  some  the  SST  will  create.  Second,  the  widths 

of  the'  areas  affected  by  each  flight  wore  probably  less  than  two-thirds 

the  width  of  the  SST  boom  carpet.  Certainly  the  total  area  involved  was 

far  less  than  the  area  which  would  be  affected  by  an  equal  number  of  SST 

flights,  And  third,  the  tests  created  clearly  defined  adverse  reactions 

from  a  significant  f' action  of  the  population.  Although  the  significance 

of  the  fact  is  somewhat  obscured  by  political  factors,  reaction  to  the 

Oklahoma  City  tests  was  sufficiently  adverse  to  lead  the  City  Council  to 
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request  that  the  tests  be  terminated  before  their  scheduled  completion. 

In  the  case  of  greatly  magnified  shock  waves  (superbooms) ,  even 
persons  not  sensitive  to  ordinary  booms  may  have  a  startle  reaction, 
for  the  relative  infrequency  of  such  shock  waves  will  not  permit 
people  to  become  accustomed  to  them. 

The  magnitude  of  the  startle  reaction  is  an  important  question 
not  only  because  people  dislike  being  startled  but  because  the 
phenomenon  can  be  expected  to  cause  a  certain  number  of  serious  physi¬ 
cal  injuries.  Damage  claims  filed  with  the  Air  Fore:  include  a  number 
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for  injuries  thus  caused.  Persons  startled  while  they  are  performing 
various  physical  activities  may  suffer  such  injuries  as  falls  from  ladders, 
falls  down  stairs,  cuts  from  power-tools  and  similar  consequences  of 
human  malfunction. 

There  is  no  reliable  information  at  the  present  time  indicating 
the  probable  effects  of  repeated  exposure  to  booms  over  long  periods 
of  time  cri  psychological  health . 

Somewhat  related  to  startle  effect  and  psychological  effect  on 
persons  is  the  effect  booms  may  have  upon  domestic  animals  and  the 
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industries  dependent  upon  those  animals .  Experimental  studies  have 
not  concentrated  upon  this  aspect  of  the  sonic  boom  and  np  significant 
data  is  available.  Effect  on  animals  may  prove  to  be  a  significant  pro- 

•  o 

blem,  however?  the  six  month  Oklahoma  City  test  indicated  that  at  least 

some  people  believed  the  sonic  booms  had  an  adverse  effect  on  production 

from  animals  upon  which  their  business  depended.  Claims  have  been 
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filed  with  the  Air  Force  for  many  varieties  of  damage  to  animals,  in¬ 
cluding  baby  minks  killed  by  their  mothers,  chickens  that  huddled  in 
a  corner  of  a  coop  and  smothered  and  horses  that  stampeded  into  barbed 
wire  —  all  assertedly  in  response  to  booms . 

3.  Extent  of  Exposure  to  Booms 

Having  described  the  possible  effects  created  at  particular 
places  on  the  ground  by  shock  waves  generated  in  supersonic  flight, 
we  turn  our  attention  to  the  extent  of  exposure  to  these  effects 
on  the  assumption  that  transcontinental  flights  by  supersonic  trans¬ 
ports  will  become  a  common  part  of  air  transportation.  Because  each 
supersonic  flight  creates  shock  waves  which  affect  an  area  of  the 
ground  at  least  50  miles  wide  and  extending  along  all  but  the  very 
beginning  and  end  of  the  flight  path,  regular  supersonic  flights 
will  affect  large  areas  of  the  country.  All  of  the  area  shaded  in 
Figure  37  would  be  exposed  to  sonic  boons  by  just  one  one-way  flight 
between  each  pair  of  cities  more  than  1500  miles  apart  and  having  a 
population  in  the  vicinity  of  each  city  of  more  than  one  million. 

®hat  figure  represents  a  conservative  estimate,  since  it  includes 
no  foreign  flights,  no  domestic  flights  of  less  than  1500  miles,  and 
no  flight  to  or  from  a  metropolitan  area  with  less  than  one  million 
population.  One  such  set  of  round-trip  flights  would  expose  the  same 


or  a  very  similar  area  twice,  and  so  on  for  each  set  of  flights. 
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The  implications  of  this  exposure  may  be  illustrated  by  the  case 
of  the  Los  Angeles-New  York  run.  The  area  exposed  includes  at  the 
present  time  more  than  10  million  people.  If  10  flights  occurred  every 
day  in  each  direction,  each  of  the  10  million  people  will  bo  exposed'  to 
20  booms  each  day,  7,300  booms  each  year.  Seventy-three  billion  person- 
exposures  per  year  would  be  caused  by  this  one  run.  Although  double¬ 
strength  booms  occur  only  one  time  out  of  1,000,  73  million  exposures 

to  double  overpressures  would  occur  each  year  as  a  result  of  flights 
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between  these  two  cities.  This  estimate  is  conservative  in  that  it 

* 

makes  no  allowance  for  shock  wave  magnifications  caused  by  aircraft  with 

*  crossing  paths  or  for  aircraft  passing  or  overtaking  one  another. 

*  .  .  ’  .  . 
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Part  II:  THE  SONIC  BOOM 
Chapter  II:  THE  LEGAL  ASPECTS 


■  .  -V*  i  . 

v  *■  • 


A .  The  Genera?-  Analysis  : 

-  *  % . 

The  purpose  of  this  chapter  is  three-fold:  1)  to  articulate  briefly  the' 
criteria  by  which  the  adequacy  of  a  legal  system  to  deal  with  sonic  boom  damage 
may  be  judged;  2)  to  discover  the  various  theories  of  relief  which  might  be 
available  under  present  law  to  a  plaintiff  whose  person  or  property  has  been 
damaged  by  or  on  account  of  a  sonic  boom;  and  3)  to  evaluate  these  theories 
and  suggest  alternative  rules  that  would  more  nearly  satisfy  the  proposed 
criteria. 

We  derive  the  criteria  initially  from  the  same  kind  of  economic  analysis 
which  we  applied  to  the  problem  of  airport  noise.  Sonic  boom  damage  represents 
a  cost  that  supersonic  flight  imposes  on  those  who  must  share  the  environment. 
into  which  it  intrudes  itself.  If  the  benefits  that  commercial  supersonic 
flight  yields  are  capable  of  paying  these  costs  as  well  as  all  its  other  ^ 
cos ts ,  then  it  should  be  permitted.  Once  this  decision  is  made  and  resources 
are  committed  to  the  enterprise  of  supplying  supersonic  air  transport,  then 
a  rational  society  will  take  into  account  the  fact  that  it  has  a  sunk  in¬ 
vestment  in  the  enterprise  of  supersonic  transport;  and  it  will  take  such 
accommodating  measures  as  are  economically  efficient  to  minimize  the  damage 
that  will  flow  from  sonic  booms.  Such  measures  might  include,  for  example, 
mounting  all  newly  installed  panes  of  glass  in  special  mountings.  In  theory, 
at  least,  the  division  of  all  affected  investment  into  "pre-existing"  end 
"subsequent"  categories  would  be  appropriate.  Damage,  or  loss  of  value, 
inflicted  on  pre-existing  investment  should  be  regarded  as  a  cost  of  super¬ 
sonic  flight  and  imposed  on  that  enterprise  to  the  dual  ends  of  testing  the 
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proposition  that  its  benefits  exceed  its  costs  and  of  avoiding  unjust, 

« 

substantial  shifts  of  wealth  from  those  adversely  affected  by  booms  to 

iL  % 


ffl  those  who  receive  the  benefits  of  supersonic  transport. 


As  was  true  in  the  context  of  airport  noise,  .the  only  means  by  which 

this  comparison  o.*!  SST  costs  and  benefits  can  be  made  with  even  approximate 

* 

accuracy  is  to  establish  markets  in  v.’hich  people  can  register  their  displeasure 

••  •  fl 

with  booms  and  their  pleasure  with  shorter  air  travel  time.  Neither  in  the 
airport  noise  context  nor  here  is  there  any  particular  difficulty  in  establish¬ 
ing  markets  on  which  the  benefits  of  air  transport  can  be  measured:  those  bene¬ 
fits  are  measured  with  tolerable  accuracy  by  the  prices  air  transport  users  are 
willing  to  pay  for  the  transport  service.  The  disutility  of  airport  noise 

^ —  i 

could  bo  measured  by  tho  means  we  outlined  in  the  prior  portion  of  this  report.  1 
those  means  may  be  characterised  as  devices  for  asking  people  how  much  more  they 
are  willing  to  pay  to  carry  on  their  lives  in  areas  free  from  airoert  noise  rather 


w  a lih 1-0  such  noise,  Their  answer  to  that  question  is  revealed 
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by  the  difference  in  rental  value  between  properties  in  the  seme  general  area 


and  otherwise  similar  except  for  the  exposure  of  one  Drobertv  to  aircraft  noise. 

i  ■■■■■  —  1  **" '  *  1  "  1 

•  • 

No  similarly  reliable  index  of  the  social  disutility  of  the  sonic  boom  will 

- ■ 

exist.  Exposure  to  the  boon  will  be  common  to  very  large  areas,  leaving  no  areas 


unaffected  which  are  sufficiently  similar  in  their  geographic  features  to  fur- 
nish  a  standard  of  value  comparison.  If  it  were  possible  to  find  a  measuring 


# 


~  ,  '  . 

device  similar  to  differentials  in  rental  values  around  airports  which  could 


be  looked  to  as  a  source  of  quantitative  information  about  the  disutility  of 
booms,  we  would  be  strongly  disposed  to  urge  that  a  market  solution  to  the 


sonic  boom  problem  be  adopted:  in  our  opinion ,  the  history  of  our  institu¬ 


tions  shows  quite  plainly  that  legal  systems  cannot  be  administered  success- 


v  V  .-v;  *  •  ... 

fully  if  tliey  depend  wholly  upon  administrative  intuition  about  the  comparative 
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utility  of  different  courses  of  action.  They  are  unsuccessful  in  several 
senses:  First/  because  they  lack  any  objective  criteria,  such  as  market  data, 
upon  which  to  base  the  choices  that  must  be  made,  the  correctness  of  the  choices 
made  is  inevitably  open  to  doubt.  Second/  for  want  of  such  criteria,  the 
administrators  arc  unable  to  justify  persuasively  the  choices  they  have  made ._ 
Third,  because  the  choices  made  cannot  be  shewn  objective 'y  to  be  either  right  or 
wrong,  the  administrators  are  vulnerable  both  to  the  accusation  .  r  corruption  and 
to  actual  corruption.  To  avoid  such  administrative  institutions  whenever  possible 
is  a  basic  dictate  of  political  wisdom. 

But  avoidance  is  not  always  possible;  and  we  do  not  believe  it  is  possible 
in  the  case  of  the  sonic  boom.  The  boom,  in  this  respect,  is  similar  to  the 
phenomenon)  of  automobile  noise.  Automobiles  make  noise  and  thereby  lessen  the 
amenities  of  our  environment.  Three  basic  social  responses  to  that  fact  are 
conceivable:  first,  outlaw  use  o.f  internal  combustion  vehicles  in  some  or  all 
public  places;  second,  permit  their  use  without  restriction;  third,  permit  their 
use  subject  to  the  condition  that  mufflers  are  installed.  The  third  choice,  of 
course,  permits  of  an  almost  infinite  variety  of  sub-choices  in  terms  of  how 
much  quieting  will  be  insisted  upon  at  the  expense  of  chemical  efficiency;  for, 
in  general,  the  more  effective  a  muffler  in  terms  of  noise,  the  less  efficiently, 
by  engineering  standards,  the  engine  will  run  when  equipped  vith  the  muffler. 

But  efficiency  in  engineering  terms  is  a  far  different  thing,  and  employs  a  far 
narrower  calculus,  than  economic  efficiency:  in  engineering  terms  heating  with 
natural  gas  is  vastly  more  efficient  than  heating  with  coal;  but  if  coal  is 

cheap  and  gas  is  scarce,  the  choice  of  coal  is  correct  on  economic  and  social 

*  ... 

criteria. 

But  while  few  would  doubt  that  we  are  wise  to  choose  cars  with  mufflers  over 
the  extreme  alternatives  of  no  cars  or  no  mufflers,  there  is  no  objective  cri¬ 
terion  available  by  which  to  decide  how  much  we  should  be  prepared  to  pay, 
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in  engineering  efficiency,  for  more  thoroughly  muffled,  quieter  cars.  To  answer 
that  question  we  would  have  to  establish  a  market  of  scxne  sort  through  which 
people  could  buy  units  of  quietness  and  thus  tell  us  how  highly  they  value 
quietness  in  comparison  with  other  goods  and  services  —  in  particular,  in 
comparison  with  cheaper  automobile  transportation.  But  tl.e  ubiquitousness  of  the 
automobile  renders  any  such  market  impossible.  The  prospect  of  hundreds  of 
millions  of  noise  sufferers  bargaining  with  tens  of  millions  of  automobile 
users  and  making  payments  to  induce  the. users  to  install  more  effective  mufflers 
is  absurd.  The  expense  of.  establishing  and  maintaining  such  a  market  --  the 
resources  that  would  have  to  be  devoted  to  make  the  market  do  its  job  — 
would  surely  exceed  the  benefits  that  society  v;ouDd  derive  from  obtaining  a 


more  nearly  correct  answer  to  the  "how  much  muffler"  question.  And  this  point, 
the  point  at  which  the  administrative  expense  of  getting  better  answers  exceed; 
the  value  of  better  answers,  is  the  point  at  which  substitution  of  intuitive 
for  objective  judgments  becomes  politically  justified. 


Like  the  imperfectly  muffled  automobile,  the  SST  will  expose  so  many  people 


to  its  disturbing  and  often  destructive  shock  waves  that  any  attempt  to  account 
for  all  those  costs,  ranging  from  trivial  annoyance  to  serious  physical  injury. 


and  to  require  that  the  aviation  indust 


wnom  tht 


costs  fc .tuitously  fall  would  be  impossible  of  accomplishment.  _We  stress  that 

— -  ■  '  " - - - ' - 

it  is  because  the  task  is  impossible,  not  because  it  is  undesirable,  that 


it  shou  be  abandoned.  The  costs  are  no  less  real  and  no  less  enormous  by  rea¬ 


son  of  the  fact  that  they  cannot,  as  a  practical  matter,  be  reimbursed. 


Rather,  the  implications  that  should  be  drawn  from  the  impossibility  of 
achieving  a  market  solution  to  the  boom  problem  are  two:  First,  those  costs  of 


the  boom  that  can  be  accounted  for  —  those  that  are  imposed  in  sufficiently  large 
chunks  on  single  individuals  to  make  the  expense  of  accounting  worthwhile  — 
should  be  reimbursed  by  the  SST  activity.  And  second,  even  after  we  have  taken 
the  first  step  of  transferring  accountable  costs,  the  SST  will  be  bearing  far  less 
than  its  actual  social  costs.  It.  will  be  imposing  substantial  externalities 
upon  the  community  at  large.  If  nothing  further  is  done,  too  many  resources 
will  be  devoted  to  SST  activity  and  too  little  to  all  the  other  activities, 
such  as  food,  surface  transport,  education,  fire  protection  and  housing,  that 
satisfy  human  needs.  If  nothing  further  is  done,  improperly  large  quantities 
of  income  (or  well-being,  or  utility,  or  wealth  —  the  label  is  not  critical) 
will  be  transferred  from  these  many  who  suffer  the  booms  to  those  few  who  choose 
to  fly  in  the  silent  vortex  of  a  shock  wave. 

The  second  step  that  should  be  taken  is  an  administrative  step,  admittedly 
intuitive  in  its  judgmental  process,  that  achieves  less  boom  and  more  tran¬ 
quility  —  a  step  that  serves  as  a  substitute  for,  an  approximation  of,  all 
those  other  costs  of  the  boom  for  which  it  was  impossible  to  account  through 
market  mechanisms.  The  essential  function  of  that  step  is  to  cut  back  the 
extent  of  sonic  booms  to  that  level  which  would  prevail  if  all  the  unaccount¬ 
able  costs  were  being  accounted  for  and  imposed  on  the  industry.  One  way  to 
achieve  this  —  not  necessarily  the  best  way  —  would  be  to  make  an  estimate 
of  the  unaccountable  costs  and  to  impose  costs  of  that  amount  on  the  industry 
by  a  tax  which,  in  its  impact  on  individual  companies,  corresponds  as  closely 
as  possible  with  the  harm  each  company  does.  An  example  would  be  an  excise  tax 
or*  SST  tickets  in  an  amount  proportionate  to  the  product  of  the  number  of  persons 
who  will  be  exposed  to  booms  during  the  trip,  times  the  normal  overpressure 
created  by  the  aircraft  type  used.  A  second  type  of  measure  ~  probably  the 
most  obvious  —  is  a  process  of  FAA  aircraft  certification:  an  aircraft  that 


generates  a  normal  overpressure  in  excess  of  sore  selected  value  must  not 
be  permitted  to  operate  over  inhabited  areas. 

We  will  proceed  within  this  framework  to  discuss  in  detail  the  two  steps 
that  must  be  taken:  first,  compensation  for  substantial  injury;  and  second, 
supplementary  administrative  control  of  the  SST. 

B.  Recovery  for  Sonic  Boom  Damage 

It  is  1977.  The  Farmer  family  lives  on  the  outskirts  of  Quincy  in  western 
Illinois.  Their  farm  is  subjected  daily  to  at  least  100  sonic  booms  of  varying 
intensity;  the  routes  between  a  large  number  of  major  city-pairs  are  within 
sonic-boom  range  of  the  farm.  Since  supers onic  flights  along  these  paths 
began,  the  Farmers  have  periodically  been  forced  to  replace  glass  windows 
that  have  been  cracked;  a  recent  and  particularly  fierce  boom  broke  nearly 
half  the  windows  in  the  greenhouse,,  and  the  flying  glass  severely  cut  Mrs. 

Farmer.  Trie  family  home  was  recently  remodeled,  but  large  plaster  cracks  have 
already  appeared  throughout  the  house,  and  the  kitchen  roof  has  begun  to  leak. 

It  has  oecome  nearly  impossible  for  anyone  to  work  in  the  metal  barn 
because  the  vibrations  and  resonance  caused  by  each  boom  are  almost  intolerable. 
Mr.  Farmer  was  seriously  injured  a  short  time  ago  when  he  was  startled  by  a  boom 
while  adjusting  the  cutting  angle  of  the  reaper.  Neither  the  Farmers  nor  their 
animals  are  able  any  longer  to  enjoy  restful  sleep;  milk  and  egg  production 
have  declined  and  the  family  members  are  finding  it  increasingly  difficult  to 
perform  their  chores  with  their  custqraary  efficiency. 

This  hypothetical  family's  troubles  suggest  the  various  kinds  of  damage 
■which  may  be  caused,  and  will  be  alleged  to  have  been  caused,  by  sonic  booms. 
General  weakening  of  structures  may  be  the  result  of  repeated  exposures;  breakage 
of  glass  will  result  from  a  particularly  strong  boom,  especially  if  the  glass 
has  been  pre-stressed  by  imperfect  mounting  or  by  settling  of  the  building. 
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In  addition,  the  boon  can  have  damaging  secondary  effects,  as  when  a  startled 
person  injures  himself  or  when  boom-broken  glass  injures  him.  What  are  the 
prospects  for  recovery  on  account  of  such  injuries  under  present  law? 

1.  Causation 

The  first  and  most  difficult  problem  for  a  plaintiff  seeking  compensation 

for  sonic  boom  damage  will  be  that  of  proving  that  a  particular  boom  or  series 

2 

of  booms  was  the  cause  in  fact  of  the  dctmage  of  which  tie  complains.  Whether 
he  seeks  recovery  under  a  policy  of  insurance;  whether  he  rests  his  case  on  negli¬ 
gence,  trespass,  or  strict  liability  as  a  theory  of  recovery;  or  whether  he 
seeks  to  take  advantage  of  a  compensatory  scheme  established  for  the  role 
purpose  of  making  compensation  for  sonic  boom  damage,  an  essential  element  of 
his  claim  will  be  proof  of  a  causal  relation  between  a  sonic  boom  or  booms  arid 
the  damage.  If  he  is  required  to  proceed  under  traditional  tort  theories,  he 
will  also  have  to  identify  wiUi  particularity  the  airline  whose  flight  generated 
the  boom  or  boons  that  did  the  damage. 

Proof  of  a  causal  connection  between  booms  and  damage  will  be  difficult 
for  two  reasons.  First,  experts  disagree  about  the  amount  and  kind  of  struc- 

3 

tural  damage  which  can  be  caused  by  various  amounts  of  overpressures .  Where 
the  actual  occurrence  of  the  damage  was  observed  by  the  property  owner  — 
where  a  boom  broke  a  window,  for  example  —  the  proof  problem  will  resolve 
itself  principally  into  an  is.sue  of  credibility.  But  where  more  pervasive 
structural  damage  appears  to  the  property  owner  to  be  the  result  not  of  one 
boom  but  of  the  cumulated  effect  of  many  booms  over  a  period  of  time,  he  will 
encounter  another  difficulty.  He  v;ill  have  to  show  by  indirect  evidence  that, 
of  the  variety  of  circumstances  to  which  the  structural  default  might  plausibly  • 
bo  attributable,  a  series  of  sonic  booms  and  not  some  other  circumstance 
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caused  the  default.  Plaster  can  be  cracked  by  slamming  doors  and  settling 
foundations,  for  example,  and  shingles  can  be  loosened  by  wind  and  weather. 

Identification  of  the  airplanes  which  caused  the  damage  will  be  an  insuper¬ 
able  task  unless  the  plaintiff  has  access  to  records  of  either  the  airlines 
or  the  CAB:  the  SST  is  expected  to  cruise  at  altitudes  of  70,000  feet,  where 
it  cannot  be  seen  at  all  by  the  naked  eye  of  an  observer  on  the  ground;  and 
at  lower  levels  of  supersonic  flight  where  the  plane  might  be  seen,  it  would 
not  be  possible  to  detect  the  airline  insignia  because  of  the  speed  of  flight. 

If  a  prospective  plaintiff  were  claiming  that  damage  had  been  caused  by  one  boon 
rather  than  by  a  series  of  boons,  and  if  he  had  been  able  to  note  the  precise 
time  of  the  boom,  airline  or  CAB  records  often  would  enable  him  to  identify 
the  plane  that  most  likely  caused  the.  boom.  If  two  or  more  planes  were  in  the 
vicinity  and  each  could  have  generated  the  offending  overpressures,  and  if  it 
is  clear  that  one  did  in  fact  cause  the  damage  but  the  plaintiff  is  unable  to 
determine  which,  the  plaintiff  could  argue  that  he  should  be  relieved  of  the 

insuperable  burden  of  proving  which  was  the  cause  and  that  joint  and  several 

A 

liability  may  be  imposed  unless  one  of  the  defendants  is  able  to  prove  that. 

5  , 

he  has  not  caused  the  harm.  But  if  a  prospective  plaintiff  is  claiming  that 
damage  has  been  caused  by  the  cumulative  effect  of  booms  over  an  extended  period 
of  time,  and  even  if  he  is  able  to  identify  the  airlines  whose  planes  were 
probably  responsible  for  the  offensive  series  of  boons,  he  will  have  great 
difficulty  establishing  that  any  particular  airline's  booms  were  a  "but  for" 
cause  of  the  accumulated  damage;  and  as  the  frequency  of  booms  increased,  the 
chances  of  proving  that  any  one  boom  was  a  "substantial  factor"  in  causing 
the  cumulative  damage  become  more  remote.  Plaintiff's  only  hope  again  will 
lie  in  the  argument  —  more  tenuous  this  time  in  terms  of  conventional  legal 
principles  —  that  all  the  airlines  should  be  held  jointly  and  severally 


liable  for  the  damage  since  he  knows  that  some  or  all  of  them  caused  it  but 
it  is  impossible  for  him  to  make  specific  identification. 

The  difficulties  inherent  in  the  causation  problem  are  not  susceptible  of 

easy  solution.  Indeed,  if  supersonic  flights  over  populated  areas  become  a 

common  occurrence,  the  difficulties  will  become  more  rather  than  less  apparent. 

Even  a  statutory  scheme  of  compensation  establishing  strict  liability  for  sonic 

boom  damage  would  not  eliminate  the  need  to  establish  the  causal  relation. 

And  the  problem  is  one  which  is  of  concern  to  both  plaintiffs  and  defendants. 

The  good-faith  plaintiff  will  face  the  difficulties  noted  above.  And  as 

supersonic  flights  become  more  frequent  and  recovery  for  boom-damage  more 

possible,  the  threat  of  bogus  claims  will  become  increasingly  real.  This 

threat  may  be  aggravated  by  the  substantial  possibility  that  the  public's 

reaction  to  sonic  booms  will  be  adverse  and  will  express  itself  in  claims 

that  stem  more  from  heightened  irritation  and  annoyance  —  not  monetarily 

compensable  —  than  from  physical  damage  for  which  the  law  provides  payment 
6 

of  compensation. 

The  causation  problem  will  remain  an  intractable  one.  Scientific  data 
about  whether  claimed  damage  could  have  been  caused  by  a  boom  or  booms  will 
become  more  helpful  as  reliable  data  is  accumulated.  But  the  question  that 
will  have  to  be  answered  in  each  and  every  case  is  whether  the  damage  was 
in  fact  so  caused.  And,  if  the  public  reaction  is  as  adverse  as  it  appears 
that  it  may  be,  juries  may  turn  out  to  be  rather  biased  triers  of  the  fact 
of  causation. 

That  it  will  be  difficult  for  plaintiffs  in  sonic  boom  cases  to  prove 
causation  should  not  be  taken  to  suggest  that  a  burden  of  proving  negative 
causation  should  be  placed  on  the  defendants.  But  the  plaintiff  should  not 
be  faced,  in  addition,  with  the  burden  of  identifying  the  particular  plane  or 


planes  which  cause  the  damage.  A  fair  and  workable  means  of  solving  the  identity 

problem  would  be  to  establish  a  statutory  entity  that  could  be  named  as  defendant 

in  sonic  boom  damage  cases  and  would  be  liable  for  all  boom  damage.  All  SST 

operators  would  be  required  to  contribute  to  the  entity  in  accordance  with 

a  formula  which  measures  the  risk  of  boom  damage  each  creates.  The  formula 

might,  for  example,  require  contributions  in  proportion  to  the  number  of  SST 

flights  X  total  miles  of  flight  X  population  under  average  flight  carpet  X 
total  no.  of  flights 

normal  overpressure  of  plane  type  at  cruising  speed  and  altitude. 

2.  The  Role  of  Insurance 

Because  a  number  of  suits  have  already  been  brought  under  insurance 
policies  for  claims  of  sonic  boon  damage,  it  seems  appropriate  to  refer 

briefly  to  the  role  of  insurance  in  this  context.  We  express  no  view  on 

* 

whether  any  presently  issued  policy  should  be  interpreted  to  apply  to  such 

damage.  Present  "all  risk,"  "aircraft  damage,"  or  "explosion"  clauses  can 

,  7 

be  read  to  call  for  compensation  for  sonic  boom  damage.  The  expectation 

is  warranted,  however,  that  the  insurance  companies  will  soon  either  spec¬ 
ifically  exclude  coverage  for  sonic  boom  damage  or  specifically  include  it 
at  an  appropriately  increased  premium.  If  coverage  is  excluded,  the  property 
owners  remain  uncompensated.  If  it  is  included,  the  affected  property 
owners  as  a  group  will  still  pay  for  the  damage  since  they  will  bear  the 
burden  of  increased  premiums.  No  internalization  of  SST  cost  to  the  SST 
activity  will  be  achieved.  Thus,  insurance  fails  to  meet  any  of  the  objectives 
of  an  adequate  compensatory  scheme.  Insurance,  of  course,  can  satisfy  the 
*  purposes  for  which  insurance  is  obtained:  it  spreads  losses  within  a  fairly 
homogeneous  group  of  insureds.  But  insurance  does  not  accomplish  and  should 
not  be  expected  to  accomplish  a  shifting  of  costs  between  the  class  of  insureds 
and  the  class  of  SST  users. 
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3.  Theories  of  Recovery 

There  are  several  theories  of  liability  under  present  law  that  could  be 
resorted  to  with  some  hope  of  success  to  recover  for  sonic  boat  damage.  We 
will  examine  them,  in  turn,  primarily  with  reference  to  the  suitability  of  each 
to  achieve  the  basic  objective  of  trnnsfering  efficiently  to  SST  activity  the 
costs  of  that  activity  vjhen  those  costs  manifest  themselves  as  substantial 
losses  falling  initially  on  persons  other  than  SST  users. 

(a)  Negligence 

In  general,  liability  for  negligence  is  based  on  the  breach  of  a  duty  of 

the  defendant  to  conform  to  a  standard  of  conduct  to  protect  others  from  un- 

reasonable  risks  of  harm.  Because  it  has  been  established  that  sonic  booms 

can  cause  physical  damage  to  property,  one  can  argue  persuasively  that  the 

g 

standard  of  care  which  a  prudent  aviator  must  exercise  is  a  high  one. 

Recovery  based  on  the  failure  to  observe  even  a  high  standard  of  care,  however, 

would  require  the  plaintiff  not  only  to  identify  the  responsible  plane  but 

also  to  trace  the  damaging  effects  of  its  boom  to  a  particular  negligent  act, 

•  . 

such  as  flying  at  too  great  a  speed  at  too  low  an  altitude  or  descending  too 
rapidly  at  supersonic  speed.  The  latter  would  be  a  very  difficult  task  in 
view  of  the  fact  that  factors  other  than  flight  maneuvers  have  an  effect 
upon  the  intensity  of  the  boom  perceived  at  ground  level.  In  particular, 
atmospheric  variations  can  unpredictably  but  severely  intensify  the  effect 
of  any  boora. 

The  doctrine  of  res  ipsa  loquitur  may  come  to  mind  as  a  means  of  cir¬ 
cumventing  the  difficulty  of  identifying  a  particular  negligent  ret.  This 
doctrine  permits  an  inference  of  negligence  when  (1)  the  event  causing  damage 
is  of  a  kind  which  ordinarily  does  not  occur  in  the  absence  of  negligence,  (2) 
the  event  was  caused  by  an  instrumentality  within  the  exclusive  control  of 
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the  defendant,  eind  (3)  the  damage  was  not  due  to  a  voluntary  action  on  the 

1° 

part  of  the  plaintiff.  With  regard  to  the  establishment  of  the  first 
requirement,  the  argument  has  been  made  that,  since  every  pilot  knows  that 
overpressures  may  cause  damage  and  that  improper  flight  procedures  increase 

the  likelihood  of  damaging  overpressures ,  a  pilot's  failure  to  remain  subsonic 

* 

at  low  altitudes  or  during  maneuvers  is  ordinarily  negligence.  The 
'  argument  makes  sense  as  far  as  it  goes,  but  it  is  not  responsive  either  to 
the  fact  that  the  plaintiff  may  not  be  able  to  identify  such  maneuvers  or 
*  to  the  fact  that,  because  of  atmospheric  variations,  damaging  overpressures 
may  be  produced  by  supersonic  flight  which  complies  in  every  way  with  pre¬ 
scribed,  prudent  flight  procedures.  Because  of  these  facts,  a  plaintiff 
seeking  application  of  the  res  ipsa  loquitur  doctrine  would  have  little  hope 
of  meeting  the  requirement  calling  for  proof  that  the  damage  is  of  a  kind 
which  ordinarily  does  not  occur  in  the  absence  of  negligence.  Indeed,  one 
Of  the  principal  causes  of  concern  over  the  sonic  boom  is  that  it 
appears  to  be  a  phenomenon  which  cannot  be  prevented  by  the  exercise  of  any 
degree  of  care. 

Plaintiff  might  attempt  to  ground  a  negligence  case  on  the  assertion 
not  that  any  particular  flight  was  negligent  or  that  negligent  flight  maneuvers 
were  conducted  in  the  course  of  a  particular  flight  but  that  any  supersonic 
flight  which  creates  shock  waves  which  reach  the  ground  in  inhabited  areas 
is  negligent  because  it  creates  an  unreasonable  risk  of  harm  to  persons 
.and  property  on  the  ground.  But  the  flights  of  the  SST,  if  they  occur  at  all, 
will  be  authorized  by  end  conducted  in  accordance  with  extensive  regulations 
promulgated  by  the  FAA  in  pursuance  of  its  statutory  duty  and  authority.  For 
a  court  to  hold  supersonic  flight  unreasonable  per  se  would  require  of  it  a 
determination  that  the  regulations  were  unreasonable,  and  it  seems  fanciful 
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to  assume  that  a  court  would  so  hold.  And  although  a  plaintiff  might  argue 
that  supersonic  flight  above  populated  areas  is  unreasonable,  even  when  con¬ 
ducted  in  accordance  with  the  strictest  possible  flight  regulations,  it  is 
quite  unlikely  that  a  court  could  be  persuaded  to  roake  such  a  finding,  since 

it  would  amount  to  a  judicial  redetermination  of  an  important  issue  of  national 

13 

policy,  namely  whether  supersonic  flight  over  land  is  appropriate. 

If  we  assume,  however,  that  negligence  is  an  appropriate  theory  of  lia¬ 
bility  for  sonic  boom  damages,  we  must  then  ask  the  question,  with  particular 
regard  to  the  secondary  effects  of  sonic  boom  such  as  personal  injuries  which 
may  result  from  startle  effects,  whether  the  doctrine  of  "proximate  cause" 
might  be  introduced  by  the  defendant  as  a  means  of  escaping  liability  for 
what  he  might  term  "unforeseeable  consequences-."  There  will  be  no  attempt 

here  to  untangle  the  intricacies  of  the  proximate  cause  doctrine.  It  suffices 

14 

to  note  that  the  issue  presented  by-  the  term  is  one  of  policy.  As  a  matter 
of  policy,  it  is  desirable  that  liability  be  imposed  for  the  damaging  secondary 
effects  of  sonic  booms.  While  few  would  be  able  to  predict  the  precise 
injury  that  might  flow  from  any  given  startle  reaction  to  a  sonic  boom,  it 
does  seem  clear  that  supersonic  flight  creates  a  distinct  and  very  real  risk 
that  a  boom  will  occur  and  that  damaging  secondary  effects  will  follow.  Whether 
the  plaintiff  falls  from  a  ladder  while  washing  windows  or  cuts  off  his  ear  while 
shaving,  his  startle  reaction  cannot  be  regarded  as  unpredictable.  Wils  issue 
of  proximate  cause  presently  is  regarded  as  a  jury  question  and  probably  will 
continue  to  be  so  regarded.  The  problem  thus  becomes  one  of  framing  appro¬ 
priate  jury  instructions. 

(b)  Trespass 

Another  theory  that  is  frequently  mentioned  as  having  potential  utility 
for  sonic  boom  damage  cases  is  trespass.  Under  modern  trespass  doctrine, 
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however,  this  theory  is  totally  useless  in  the  present  context.  Strict 
liability  is  no  longer  imposed,  as  it  once  was,  merely  by  reason  of  the  fact 
that  a' physical  invasion  has  occurred.  The  plaintiff  must  show  that  the  in¬ 
vasion  was  the  result  either  of  negligence,  or  of  an  activity  of  a  type  for 
which  strict  liability  is  imposed,  or  of  an  "intentional"  act.15  The  limita¬ 
tions  of  the  negligence  theory  have  been  pointed  out  above  and  the  potential 
utility  of  a  strict  liability  theory  will  be  discussed  below.15  Thus,  with 
the  possible  exception  of  "intentional"  trespass,  the  term  trespass  is  nothing 
■ore  than  a  label  attached  to  other  theories  of  recovery  to  indicate  that  a 
physical  invasion  of  some  sort  caused  the  harm. 

Vo  recover  for  an  intentional  trespass,  plaintiff  will  have  to  show  that 
the  interference  with  his  property  was  substantially  certain  to  follow  from 
defendant's  voluntary  act  of  supersonic  flight;17  proof  that  such  flight 
created  merely  a  risk  of  harm  will  not  suffice.18  If  the  damage  to  plaintiff's 
property  was  the  result  of  an  extraordinarily  intense  boom  —  a  "superbocm"  — 
the  defendant  will  argue  that,  although  it  was  virtually  certain  statistically 
that  a  superboom  would  strike  the  ground  somewhere  along  the  flight  path  and 
that  such  a  boom  would  cause  seme  damage,  it  was  far  from  certain  —  the  chances 
being  about  one  in  ono- thousand  —  that  the  superbocm  would  strike  plaintiff's 
property.  On  the  other  hand,  if  the  plaintiff  claims  damage  from  an  ordinary 

p 

.  boom,  he  may  be  able  to  point  to  the  substantial  certainty  that  a  boom  with 
average  strength  would  strike  his  property;  but  defendant  would  counter  with 
the  argument  that  such  a  boom  would  not  be  substantially  certain  to  cause 

damage. 

o 

Seme  plaintiffs  might  prevail  in  trespass  actions,  but  the  theory  itself 
seems  an  inappropriate  and  embers ome  means  of  dealing  with  sonic  bocm 
damage.  One  must  conclude  that  recovery  in  trespass  will  stem  more  from  the 
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notion  that  the  plaintiff  ought  to  recover  than  from  a  consistent  application 

of  the  doctrine.  It  should  be  reme.nbered  that  the  "invasion"  of  the  property 

and  the  interference  with  plaintiff's  possession  thereof  will  be  accomplished 

not  by  the  airplane  itself  — which  will  not  have  flown  directly  over- 

plaintiff's  land  nor  below  the  500  or  1000  foot  minimum  above  which  trespass 

19 

by  aircraft  cannot  occur  because  the  airspace  is  in  the  public  domain 
but  by  the  shock  waves  it  produced.  To  tenv<  these  shock  waves  the  kind  of 
"invasion"  against  which  the  trespass  action  is  appropriate  to  protect  seems 
a  questionable  distortion  of  language.  There  is  precedent  for  such  a  holding 

however,  in  cases  finding  trespasscry  liability  for  the  concussion  effects  of 

,  .  20 

blasting. 

.  (c)  .  Nuisance  •  '• 

Liability  grounded  on  nuisance  arises  from  a  substantial  and  un¬ 
reasonable  non-trespassory  invasion  —  the  result  of  an  intentional,  negligent, 

or  abnormally  dangerous  activity  —  of  the  plaintiff's  interest  in  the  private 

21 

use  and  enjoyment  of  his  land.  As  a  basis  of  liability  for  sonic  boom  damage 

it  would  be  particularly  appealing  to  plaintiffs  whose  principal  complaint 

was  the  general  and  continuing  annoyance  and  disruption  of  life's  pattern 

that  resulted  from  continuous  exposure  to  booms. 

Courts  refuse  to  find  nuisance  liability  where  they  determine  that  the 

utility  of  the  defendant's  conduct  outweighs  the  gravity  of  the  harm  it 

22 

causes  to  the  plaintiff.  In  purporting  to  make  such  a  determination  they 
are  influenced  by  the  fact  of  legislative  authorization  of  the  defendant's 
activity.  According  to  the  doctrine  of  legalized  nuisance,  they  will  not 

enjoin  a  legislatively  sanctioned  activity  which  would  otherwise  amount  to 

23  24 

a  nuisance  and  they  are  unlikely  even  tc  award  damages.  Because 

granting  relief  in  nuisance  for  sonic  boom  damages  would  require  a  court  to 


hold  that  defendant's  conduct  —  i  ,c . ,  supersonic  flight  --  was  unreasonable, 
it  would  call  into  question  the  appropriateness  of  the  policy  judgment  pei- 
mi.ting  the  flights  at  all;  a  court  would,  understandably,  bo  unwilling  to  make 
such  a  finding. 

< d )  Strict  Liability 

The  only  basis  of  liability  which  seems  fruitful  as  an  avenue  of  recovery' 

for  sonic  boom  damages  is  strict  liability.  In  Tentative  Drait  No.  10  of  the 

Second  Restatement  of  Torts,  liability  for  damage  to  persons  or  property  from 

25 

abnormally  dangerous  activities  is  recognized.  The  following  factors  are 


relevant  in  determining  whether  an  activity  is  abnormally  dangerous: 

(a)  whether  the  activity  involves  a  high  degree  of  risk  of  some  harm 
to  the  person,  land  or  chattels  of  others; 

(b)  whether  the  gravity  of  the  harm  which  may  result  from  it  is  likely 
to  be  great; 

(c)  whether  the  risk  cannot  be  eliminated  by  the  exercise  of  reasonable 
care; 

(d)  whether  the  activity  is  not  a  matter  of  common  usage; 

(e)  whether  the  activity  is  inappropriate  to  the  place  where  it  is 
carried  on;  and 

26 

(f)  the  value  of  the  activity  to  the  community. 


It  is  clear  that  some  of  these  factors  arc  more  applicable  to  SST  operation 

than  are  others.  For  example,  it  seems  to  be  true  that,  even  if  the  average 

overpressure  produced  by  a  supersonic  flight  is  within  a  generally  non-damaging 

range  of  about  1.5  psf,  factors  such  as  wind  velocity,  temperature,  terrain 

features,  and  humidity  will  cause  one  boom  in  a  thousand  to  be  twice  as  strong 

27 

as  the  mean  strength  of  booms  in  the  flight  track,  and  the  incremental  effect 
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of  those  uncontrollable:  and  essertially  unpredictable  factors  upon  the 

strength  of  the  boom  cannot  be  eliminated  by  the  exercise  of  the  utmost 

care.  Thus  the  risk  of  harm  from  supersonic  flight  "cannot  be  eliminated 

by  the  exercise  of  reasonable  care."  Certainly  SST  flights  will  involve 

a  high  degree  of  risk  of  some  harm  to  others:  there  will  be  some  ham  on 

every  single  flight  over  inhabited  areas  in  view  of  the  long  stage  lengths 

to  which  the  SST  will  be  limited.  Whether  the  gravity  of  the  harm  that 

results  is  likely  to  be  great  is  less  certain.  Very  serious  injury  as  a 

secondary'  consequence  from  startle  effects  will  surely  occur  occasionally; 

wc  will  not  knov;  the  statistical  probability  until  after  the  SST  has  been  in 

operation  for  some  time.  The  supersonic  overflight  experiments  of  t'-e  Air 

Force  cannot  be  characterized  as  having  caused  grave  ham;  but  those  flights 

28 

were  limited  in  number  and  conducted  with  much  smaller  aircraft.  Whether 
the  other  Restatement  factors  are  met  is  a  highly  subjective  question. 

In  the  Tentative  Draft  No.  10  of  the  Second  Restatement  of  Torts,  a  dis¬ 
tinction  was  sought  to  be  taken  between  liability  for  ground  or  other  damage 
from  the  flight  of  regular  aircraft  and  that  from  the  flight  of  "abnormally 

dangerous"  aircraft,  and  only  flight  of  the  latter  was  to  result  in  strict 

29 

liability  for  damage.  A  comment  to  the  proposed  section  recognized  that 

30 

"ground  damage  from  'son.’c  booms '  is  a  matter  of  strict  liability."  The 
Institute  rejected  the  proposed  section,  however,  in  favor  of  one  which 
imposes  strict  liability  for  any  "...  harm  to  land,  or  to  persons  or  chattels 


caused  by  the  ascent,  descent,  or  flight  of  any  air- 


The  argument  has  been  made  that  strict  liability  for  sonic  boom  damage 
can  be  based  upon  the  fact  that  it  is  analogous  to  blasting,  for  the  damaging 
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consequences  of  which  most  courts  impose  strict  liability,  holding  it  to 

32 

be  an  abnormally  dangerous  activity  when  conducted  in  a  populated  area.  It 

is  to  those  blasting  cases  involving  concussion  and  vibration  rather  than  those 

involving  flying  debris  to  which  analogy  is  most  apt.  Most  states  apply  absolute 

liability  to  both  types  of  blasting  cases,  but  a  fading  minority  of  four  or  five 

33 

require  minimal  proof  of  negligence  in  the  concussion-vibration  cases. 

One  must  conclude  that  present  law  is  unclear  on  whether  strict  liability 
will  be  imposed  by  the  court  for  sonic  boom  damage.  It  is  our  conclusion  that 
absolute  liability  is  the  best  suited  of  presently  recognized  theories  of  recovery 
to  accomplish  the  basic  objectives  that  we  have  identified.  Insofar  as  negli¬ 
gence,  nuisance,  and  trespass  actions  require  even  minimal  proof  of  "fault,"  they 
will  permit  some  cases  of  serious  damage  actually  caused  by  sonic  booms  to  go 
unnoticed  and  uncompensated  by  the  industry.  Use  of  the  fault  concept  is 
appropriate  and  compatible  with  the' basic  objectives  of  efficient  use  of  resources 
and  of  fairness  in  adjusting  involtantary  income  transfers  to  the  extent,  but 
only  to  the  extent,  that  the  law  entertains  a  purpose  to  induce  both  of  the 
reciprocally  destructive  forms  of  activity  to  take  affirmative  action  to  minimize 
losses.  For  example,  if  the  aggregate  cost  of  sonic  boom  damage  could  be  les¬ 
sened  by  the  inexpensive  installation  of  "sonic  boom  lightning  rods"  on  all 
buildings,  then  the  lav;  should  not  remove  all  incentive  for  landowners  to  take 
that  precaution.  Fault  concepts  thus  serve,  in  a  crude  way,  the  same  basic 
function  as  the  "pre-existing"  -  "subsequent"  classification  of  property 
investments  that  was  advocated  in  Part  I  of  this  report:  by  means  of  a  highly 
judgmental  jui^  process,  the  concept  places  some  losses  on  each  side  and  hence 
preserves  some  incentives  for  avoidance  on  each  side.  But  we  are  unable  to  see 
any  useful  function  to  be  served  by  requiring  fault  to  be  shewn  on  the;  part  of 
the  SST  operator.  Damage  on  a  substantial  scale,  and  annoyance  on  a  vast  scale, 
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will  flow  from  the  decision,  if  it  is  made,  to  permit  SST  overflight  of 

inhabited  areas  even  if  every  flight  is  made  with  the  utmost  care.  Even 

when  there  is  carelessness  involved,  the  plaintiff  will  generally  be  unable 

% 

to  prove  it.  The  net  consequence  of  application  of  the  fault  concept  will 
be  to  leave  on  those  damaged  by  booms  the  vast  preponderance  of  the  sonic 
boom  costs  of  the  SST  activity.  And  no  avoidance  methods  that  might  be  adopted 
by  prospective  plaintiffs  arc  readily  apparent.  To  leave  the  costs  on  them 
rather  than  on  SST  users  takes  incentive  to  minimize  costs  from  those  who  are 
in  the  better  position  to  minimize  and  creates  incentives  where  there  is  little 
that  can  be  done  to  minimize.  It  results,  moreover,  in  an  income  transfer  in 
the  form  of  reduced  SST  air  fares  to  SST  users,  who  will  be  well  above  the 
national  mean  in  terms  of  affluence,  from  the  population  at  large,  who  are  the 
prospective  plaintiffs. 

Although  there  are  not,  at  the  present  time,  any  apparent  cost-mini¬ 
mizing  steps  that  could  be  taken  by  persons  exposed  to  sonic  booms,  one 
might  think  it  desirable  to  anticipate  the  possibility  that  experience 
and  resulting  technological  development  may  reveal  the  possibility  of  such 
steps.  That  anticipation  could  be  achieved  by  reintroducing  a  fault  con¬ 
cept  as  a  defense  to  actions  for  sonic  boom  damage.  The  SST  activity 
would  be  permitted  to  avoid  absolute  liability  for  damage  caused  by  booms 
upon  a  showing  that  the  plaintiff  had  acted  unreasonably  in  failing  to 
take  generally  known  precautionary  measures  that  would  have  reduced  sig¬ 
nificantly  the  risk  that  the  damage,  would  result.  Although  we  cannot 
imagine  any  appropriate  applications  of  this  defense  at  the  present  time, 
provision  for  trie  defense  would  allow  the  fault  concept  to  play,  at  some 
time  in  the  future,  the  only  useful  role  it  has. 
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C .  Administrative  Action . 

It  seems  appropriate  to  emphasize  at  this  point  that  a  very  large 

portion  of  the  real  social  costs  of  supersonic  air  tranport  will  be  left 

on  those  exposed  to  sonic  booms  even  if  a  body  of  law  is  adopted  that 
•  . 
facilitates  recovery  for  substantial  boon  damage  whenever  it  occurs. 

For  the  major  part  of  sonic  boom  costs  will  not  tak$  the  form  of  dis¬ 
crete  instances  of  substantial  damage.  Much  of  the  cost  will  be  in  the 
form  of  millions  of  instances  of  trivial  damage  and  hundreds  of  millions 
of  instances  of  extreme  annoyance.  However  favorable  the  law  may  be  to 
recovery,  it  is  expensive  to  bring  law  suits.  Unless  the  damage  suffered, 
discounted  by  the  probabilities  of  obtaining  a  judgment,  exceed  the  expense. 
of  litigation,  suit  will  not  be  brought.  All  the  cracked  $5.00  window^ 
panes,  all  the  dinner  dishes  dropped  on  kitchen  floors  as  a  consequence 
of  startle  reactions,  all  the  millions  of  hours  of  sleep  lost  while  com-.  . 
forting  frightened  children,  the  razor-nicked  chins,  the  interrupted 
concerts,  the  hammered  thumbs,  the  crest-fallen  cakes  and  omelets  —  all 

these  will  produce  not  litigation  but  at  most  a  silent  curse  at  the  industry, 
< —  '  -  - - - - - — — 

at  the  FAA  or  at  a  society  that  seems  to  many  to  have  confused  tech-. 
nology  with  civilization.  But  all  these  are  very  real  costs  of  supersonic 
flight,  and  failure  to  internalize  them  to  that  activity  will  mean  that 
too  many  of  society's  scarce  resources  are  being  devoted  to  that  activity  -- 
more  than  would  be  so  devoted  in  a  perfectly  structured  society  where  all 
pains  and  pleasures  could  be  tallied  costlessly.  There  can  be  no  genuine 
concern  that  too  many  costs  are  being  imposed  on  the  SST  by  liability  lav:. 

On  the  contrary,  liability  lav?  may  rectify  most  of  the  serious  instances 
of  inequity;  but  supplementary  administrative  action  of  a  rigorous  kind  will 
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still  bo  necessary  to  prevent  uneconoinicalJy  large  devotion  of  resources  to 
the  SST.  Basically  this  action  may  take  cither  or  both  of  two  forms:  (1) 
Imposition  on  the  industry,  through  some  system  of  taxation  or  assessment, 
costs  in  an  amount  corresponding  to  the  estimated  amount  of  social  cost 
created  by  sonic  boom  but  not  internalised  to  the  industry  by  liability  law. 

(2)  Directives  to  the  industry  thol  specific  physical  steps  be  taken  to 
le.ssen  boom  exposure. 

Early  in  this  chapter  we  gave  an  example  of  the  first  type  of  measure: 
an  excise  tax  scaled  to  the  population  exposed  to  booms  by  any  particular  SST 
flight  and  to  the  intensity  of  those  booms.  One  general  observation  should  be 
made  abov1  such  cost  imposition  measures.  They  have  a  dual  function:  first, 
to  create  industry  incentives  to  minimize  boom  costs  by  any  technological  mea¬ 
sures  useful  to  that  and;  second,  to  make  SST  transport  more  expensive  to  its 
ultimate  consumers  and  thus  reduce  the  quantity  of  such  transport  that  they 
will  demand.  If  the  measure  is  to  achieve  these  objectives,  it  must  have  certain 
characteristics.  The  costs  must  be  levied  in  such  a  way  that  any  individual 
airline  can  avoid  them  by  conduct  of  the  type  the  measure  is  intended  to  induce. 
For  example,  the  X  Airline  Company  should  be  able  to  reduce  its  tax  obligation 
if  it  shifts  a  flight  path  from  one  over  a  populated  coastal  region  to  one  over 
the  adjoining  ocean,  or  if  it  shifts  from  supersonic  to  subsonic  aircraft  between 
a  particular  city  pair,  lienee  a  tax  on  gross  revenues  of,  or  on  all  fuel  con¬ 
sumed  by,  airlines  that  operated  both  subsonic  and  supersonic  craft  would  be 
wholly  inappropriate.  And  a  flat  charge  per  SST  flight  would  be  less  desirable 
than  a  tax  such  as  we  have  suggested,  since  a  flat  charge  would  fail  to  take  into 
account  population  exposure  and  boom  intensity. 

Finally  the  measure  should  be  devised  to  assure  that  the  costs  imposed. 
insofar  as  they  cannol  be  avoided  by  nreventive_measuies .  are  passed  on  through 
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higher  fares  to  customers  who  choose  SST  flights  in  preference  to  subsonic 
flights .  Effective  intennodal  competition  between  SST's  and  subsonic 

aircraft  must  be  maintained. _ In  terras  of  our  present  national  transportation 

policy,  an  "inherent  advantage"  of  subsonic  planes  is  that  they  do  not  cause 
booms.  It  is  vital  to  sound  air  transport  policy  that  this  inherent  cost  ad¬ 
vantage  be  preserved  and  passed  on  to  subsonic  customers.  Under  no  circumstances 
should  the  Civil  Aeronautics  Board  be  permitted  to  yield  to  the  temptation  to 

increase  or  fail  to  reduce  subsonic  fares,  and  to  hold  SST  fares  cl.  a  iov7  level, 

«-  . . — '  -  1  — - — 

in  order  to  improve  the  relative  attractiveness  of  SST  flight.  It  is  quite 

probable  that  the  Board  will  be  subjected  to  pressure  to  take  this  step,  both 
■  '  '  ~  ~~  "  “ 

by  airlines  that  have  sunk  investments  in  SST  programs  and  by  government  officials 
who  arc  seeking  to  assure  that  government  investment  in  SST  development  is  repaid 
and  to  minimize  the  risk  that  governmental  encouragement  of  the  SST  program  will 
be  publicly  exposed  as  an  error  of  monstrous  dimensions.  Subsonic  all  transport 
should  never  be  required  to  subsidize  the  real  social  costs  of  the-  SST.  Toler¬ 
ation  of  such  a  fare  structure  would  directly  undemine  the  cost  imposition 
measures  we  have  been  discussing. 

We  turn  to  the  second  basic  type  of  administrative  action:  govemmental 
requirement  that  specific  physical  steps  be  taken.  Refusal  by  the  FAA  to 
certify  aircraft  that  generate  normal  overpressures  in  excess  of  specified 
limits  is  the  obvious  example.  Requirements  that  particular  technological 
advances  be  adopted,  that  particular  routes  be  followed  or  that  particular 
maneuvers  be  avoided  all  fall  under  this  heading.  For  convenience  we  will  re¬ 
fer  to  measures  of  this  type  as  "certification." 

It  should  be  understood  that  cost  imposition  and  certification  are 
complementary  forms  of  administrative  action —  if  either  were  done  with 

'*  ~  "  1  I  '  "  '  i  ■ 

omniscience  and  perfect  implementation,  the  other  would  be  unnecessary ._  And 
■»..  '  1  1  1  ~  '  ' 

the  results  would  be  precisely  the  same  in  all  respects  whether  the  first  was 
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so  executed  and  the  second  abandoned  or  the  second  so  executed  and  the 
first  abandoned.  In  practice  neither  can  be  so  executed,  and  the  best 
obtainable  results  probably  can  be  achieved  by  doing  imperfectly  a  little  of 
each . 

Certification  obviously  will  impose  costs  on  Idle  industry.  If  no  cost 
imposition  measures  were  taken,  optimum  results  would  be  obtained  by  imposing 
more  and  more  certification  measures  until  the  aggregate  of  costs  they  imposed 
was  just  equal  to  the  social  costs  of  the  SST  that  were  hot  being  internalized 
by  liability  law.  If  only  half  the  costs  left  external  by  liability  law  are 
imposed  by  certification,  the  remaining  half  should  be  imposed  by  cost  imposi¬ 
tion.  Of  course  this  nice  theoretical  symmetry  only  applies  if  the  certifi¬ 
cation  measures  are  precisely  the  best  ones.  In  an  imperfect  world,  they  will 
not  be?  but  the  theoretical  relationship  is,  nevertheless,  a  rough  guide  to 
policy  formation. 

If  we  could  be  freed  of  all  political  constraints,  our  choice  would  be  to 
abandon  certification  completely  and  pursue  a  vigorous  policy  of  cost  imposi¬ 
tion.  Ihe  industry  is  the  best  source  of  information  as  to  what  physical  steps 
will  yield  the  least  amount  of  boom  per  dollar  expended.  High  administrative 
costs  are  involved  in  getting  that  information  out  of  the  industry  and  into 
the  FAA  so  that  the  FAA  can  then  tell  the  industry  what  to  do.  Moreover,  under 
a  certification  policy  the  industry  has  no  incentive  to  generate  information, 
so  less  vu.ll  exist  to  be  extracted.  A  vigorous  cost  imposition  policy ,  one 
that  imposed  at  least  100  percent  of  external  cost  and  imposed  it  in  proi>or- 
tion  to  boom  exposure  and  intensity,  would  make  it  profitable  for  the  industry 
to  generate  information  and  take  the  right  physical  steps  voluntarily. 

But  passing  excise  taxes  lacks  the  political  glamour  of  asking  brusque 
questions  and  th  n  giving  brusque  orders.  We  assume  that  a  vigorous  cost 
imposition  policy  is  not  politically  feasible  and  that  certification  must  be 
resorted  to  at  least  in  part. 
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A*  to  what  certification  measures  should  be  adopted,  we  have  no  opinion. 


D.  Recommendations . 

Our  recommendations  regarding  the  sonic  boom  problem,  in  summary,  are 
as  follows  t 

a)  To  eliminate  impossible  problems  of  identifying  boom-producing  air¬ 
craft,  and  to  eliminate  difficult  problems  of  service  of  process  and  venue 
with  respect  to  all  of  the  airlines  whose  planes  might  have  caused  a  parti¬ 
cular  boom,  federal  legislation  should  be  passed  creating  an  entity,  hereafter 


called 


which  may  be  served  in  any  state  and  with  respect 


to  which  venue  is  proper  at  the  residence  of  the  plaintiff  and  wherever 

the  damage  occurred.  The  Statutory  Fund  should  be  subject  to  suit  in  state  as 

well  as  in  federal  courts. 

b)  The  Statutory  Fund  should  be  strictly  liable  for  all  damage  proved  to 
have  been  caused  by  any  sonic  boom.  It  should  be  a  defense  to  any  claim,  that 
the  plaintiff  unreasonably  failed  to  take  precaution  airy  measures  that  would  have 
avoided  the  damage. 

c)  Every  SST  operator  sh<-  aid  be  required  from  time  to  time  to  contribute 
to  the  Fund  in  proportion  to  the  number  of  persons  it  exposed  to  booms  during 
the  prior  accounting  period  multiplied  by  the  normal  overpressures  of  its  booms. 
The  aggregate  of  contributions  should  be  adequate  to  keep  the  Fund  solvent  after 
paying  all  judgments,  litigation  expenses,  and  the  levy  described  in  paragraph  (e) 
The  Fund  should  have  no  function  other  than  to  settle  and  litigate  claims. 


d)  The  Fund 


senses  of  plaintiffs 


to  the  following  extent t  Of  the  plaintiff's  total  ejqpenses,  the  trial  judge 
may  disallow  any  that  he  finds  to  be  unreasonable.  Of  those  that  the  trial  judge 
allows,  the  Fund  should  pay  a  proportion  equal  to  the  ratio  between  the  damages 
awarded  and  the  damages  alleged  in  the  complaint. 


(W  7*. 
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e)  The  Department  of  Health,  Education  and  Welfare  should  jstim; te^ 
during  each  calendar  year,  ttie  extent  to  which  costs  were  imposed  onjhe 
population  of  the  United  States  during  the  prior  year  in  excess  of  the  cis- 
bursements  of  the  Fund  for  damage  and  litigation  expenses  during  that  year. 
The  Fund  should  then  pay  into  the  United  Staten  Treasuryjhe  amo^t  of  that^ 
intimation.- - . 

f)  The  CAB  should  be  directed  by  statute  that,  in  setting  SS'.O  fares 
and  subsonic  fares,  it  should  preserve  the  inherent  cost  advantagcg^Lcfe 
sonic  flight. 
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Part  II 

Footnotes  -  Chapter  I 
.  •  “  .  '  " 

1*  Since  the  air  is  three-dimensional/  the  sound  wave  expands  in 

the  form  of  a  sphere  rather  than  the  circular  form  of  the  water 
wave. 


r 


2. 


3. 


4. 


5. 


The  speed  of  travel  of  a  shock  wave  is  actually ‘slightly  faster 
than  that  of  a  sound  wave. 

This  is  true  even  for  a  shock  produced  by  a  plane  travelling  at 

Mach  1.5  and  40,000  feet  altitude.  Walker  &  Doak,  Effects  of  Ground 

Reflection  on  the  Shapes  of  Sonic  Bangs,  5®  CongreS  International 

d'Acoustique  (Belgium  1965) . 

^  _ 

However,  the  exact  overpressure  configuration  for  an  explosion 
does  differ  from  that  of  a  sonic  boom. 

The  shock  wave  strength  depends  most  directly  upon  the  lift  rather 
than  the  weight,  but  the  lift  iB  a  function  of  the  weight.  See 
Thompson  6  Pamess,  Sonic  Boom  and  the  SST,  39  Aircraft  Engineering 
14  (March  1967) t  Hutchinson,  Defining  the  Sonic  Boon  Problem,  1 
Aeronautics^ 6  Aerospace  Engineering  55  (Dec.  1963) . 

At  supersonic  speeds  the  primary  source  of  air  agitation  is  the 
airplane  surface  cutting  through  the  air  and  not  the  hot  gases 
from  the  engines.  At  subsonic  speeds,  these  hot  gases  are  the 
primary  source  of  the  noise  with  which  we  are  all  familiar. 


■•l?-.;  *  * 

.  _____ 


7 .  Friednan ,  et  al . ,  Effects  of  Atmosphere  and  Aircraft  Motion  on 
the  Location  and  Intensity  of  a  Sonic  Boom#  1  A. I. A. A.' Journal 
1327  (1963). 

8.  Latest  drawings  set  the  length  at  290  feet  and  the  weight  at 
575,000  pounds'  for  the  transcontinental  and  675,000  pounds  for 
the  transoceanic  versions. 

9.  At  70,000  feet,  the  speed  of  sound  is  between  660  and  680  mph. 

See  Hohenhemser,  The  Supersonic  Transport,  8  Scientist  &  Citizen  1 
(April  1966)  i  Albright,  Physical  Meteorology  (New  York  1941) . 

10.  Hilton,  Sonic  Boost  Measurement  during  Bomber  Training  Operations 
in  the  Chicago  Area,  NASA  Technical  Note  D-3655  (Oct.  1966) . 

11.  This  combination  is  a  result  of  the  thermodynamic  properties  of 
air.  As  the  front  wave  creates  a  region  of  higher  pressure,  the 
temperature  in  the  region  of  higher  pressure  rises  above  the 
temperature  of  the  background  air.  Therefore,  the  shock  wave 

c 

traveling  in  the  increased  pressure  region  moves  faster  than  the 
front  wave  and  catches  up  with  it  after  n  sufficient  distance  of 
travel. 

12.  The  region  before  combination  is  known  as  "near  field"  and  the 
region  after  combination  is  knows  as  "far  field". 

13.  From  comments  of  Maynard  Pennell,  Boeing  Vice  President  and 
director  of  the  SST  program,  as  reported  in  86  Aviation  Week 


38  (Jan.  16,  1967). 


The  increase  in  operating  cost  over  the  most  efficient  fuel 
utilising  configuration  is  about  10%.  See  Thompson  &  Parnell, 
supra  note  5. 

For  the  supersonic  transport,  this  width  is  generally  considered 
to  be  two  to  three  times  the  altitude  of  the  plane  (measured 
from  cut-off  to  the  line  of  flight) . 

Figure  13  was  derived  from  Kane,  Some  Effects  of  the  Nonuniform 
Atmosphere  on  the  Propagation  of  Sonic  Booms,  in  Symposium  on 
Sonic  Boom,  39  Acmgtical^  Soc.  Amer.  J*.  (1965) . 

The  conical  form  pertains  only  to  shock  waves  produced  by  an 
object  moving  at  a  constant  speed  through  a  uniform  medium. 


Above  35,000  feet  to  well  above  70,000  feet  the  temperature  remains 
at  an  average  of  -70°  F.  See  Albright,  supra  note  9. 


The  velocity  of  a  shock  wave  is  closely  dependent  upon  the  velocity 
of  sound.  The  velocity  of  sound,  and  hence  a  close  approximation 
of  shock  wave  velocity,  in  a  gas  (such  as  the  atmosphere)  can  be 
expressed  by  the  following  formulae. 

Where  P^  is  the  ambient  pressure,  P  is  the  pressure  at  shock 
wave  peak,  and^T  is  a  constant  for  the  gas  equal  tc  the  ratio 
between  the  specific  heats  of  the  gas  mixture  (if  «  S?/ C y) : 


V  shock  &  V  sound 


{ 


1  + 


IlL 

nr 


(■*#-)} 


But  V  sound  ®C  where ^  equals  density;  and  sinceC  is  very 

nearly  proportional  to  P,  the  dependence  on  pressure  is  very  slight. 


However,  e^-f  >  and  therefore  V  sound  J"f  ,  resulting  in 
.the  extreme  temperature  effect  described  in  the  text.  See 
Friedman,  supra  note  7. 


20.  In  order  for  the  shock  wave  to  be  deflected  from  reaching  the 
ground  for  the  SST,  the  plane  must  climb  at  an  angle  greater 
than  40°,  which  could  only  be  possible  for  a  .small  portion  of 
the  'light,  and  which  would  probably  not  be  within  the  capability 
of  the  SST  without  a  substantial  extra  cost  in  design  and  operation. 


21.  United  States  Standard  Atmosphere  (NASA,  Air  Force  &  Weather  Bureau 
1962) . 


22.  See  Friedman,  A  Description  of  a  Computer  Program  for  the  Study  of 
Atmospheric  Effects  on  Sonic  Booms  (NASA  CR-157,  1965). 

23.  Pure  acoustic  theory  when  applied  here  may  give  substantially  higher 
overpressure  values  at  the  focus  point  than  really  exist.  A  shock 
wave  normally  involves  a  strong  disturbance  of  the  air,  and  a  ten¬ 
dency  toward  equi librium  condition  at  the  focus  will  prevent  sharp 
discontinuities  along  the  wave  front. 

24.  See  Friedman,  supra  note  22.  For  a  case  in  which  the  temperature 
fell  from  standard  temperature  at  5,000  feet  to  25°F.  on  the 
ground  (compared  to  about  50°  for  standard) ,  the  overpressure 
was  15  per  cent  higher  than  if  the  standard  atmospheric  condition 
prevailed  in  the  same  air  region.  (This  was  computed  for  a  shock 
wave  with  0.75  psf  overpressure  in  standard  conditions) . 

See  Friedman,  supra  note  22. 


25. 


26.  See  Friedman#  supra  note  22}  Kane,  supra  note  16}  Dressier, 

Sonic  Boom  Waves  in  Strong  Winds,  FFA  Report  97  (Stockholm,  1964) . 

27.  See  Friedman,  supra  note  22. 

26.  Hilton,  et  al . ,  Sonic  Boom  Measurements  During  Bomber  Training 

Operations  in  the  Chicago  Area.  (NASA  Technical  Note  D-3655,  1966) . 
This  test  involved  level  flight  and  the  sensing  devices  were  not 
situated  where  they  could  detect  the  acceleration  focus,  so  possible 
maneuver  magnifications  could  not  have  been  included  in  the  experi¬ 
mental  results . 

29.  See  Lundberg,  The  Menace  of  the  Sonic  Boom  to  Society  and  Civil 
Aviation ,  FFA  Memo  PE- 19  (Stockholm,  1966) .  Hilton  says  that  the 
highest  actual  overpressure  measured  by  the  sensing  devices  in 
Oklahoma  City  was  1.4  times  the  calculated  overpressures. 

30.  See  Maglieri,  Some  Effects  of  Airplane  Operations  and  the  Atmosphere 
on  Sonic  Boom  Signatures,  in  Symposium  on  Sonic  Boom,  39  Acoustical 
Soc.  Amer.  J.  (1965) . 

31 .  See  ibid. 

32.  A  recent  study  has  shewn  that  if  a  plane  accelerates  around  the 
curved  path,  the  acceleration  and  curvature  may  be  made  to  balance 
so  that  no  focus  is  produced.  However,  practically  speaking,  such 
a  balancing  effect  is  relevant  only  to  fighter  aircraft  which  make 
strong  accelerations  and  sharp  turns.  See  Friednan,  supra  note  22. 
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It  is  very  difficult  to  determine  experimentally  the  maximum 
magnifications  which  can  be  expected  from  combinations  of  maneuver 
and  atmospheric  effects,  since  the  effects  will  be  relatively 
localized  and  can  be  predicted  to  fall  only  within  a  large  area. 
Therefore  a  huge  grid  of  closely  spaced  measuring  devices  is 
necessary  to  record  adequately  the  possible  combinations  of  magni¬ 
fications.  (For  example,  an  area  five  miles  square  with  a  device 
every  200  feet  square  would  require  16,000  devices).  This  is  why 
the  theoretical  approach  has  been  emphasized  here.  Of  course, 
the  use  of  theory  is  not  the  same  thing  as  mere  speculation,  for 
these  theories  are  well  founded  upon  many  years  of  experience  with 
shock  waves  and  adequately  represent  their  behavior. 

Even  the  scanty  recordings  from  experiments  conducted  with  Air 

Force  planes  over  Chicago,  St.  Louis,  and  Edwards  Air  Force  Base 

indicate  that  shock  waves  twice  the  ordinary  strength  occur-  at 

least  0.1%  of  the  time.  See  Hilton,  supra  note  10.  This  means 

that  in  one  supersonic  run  from  Los  Angeles  to  New  York,  at  least 

100  square  miles  of  territory  will  be  affected  by  doubly  strong 
% 

shock  waves.  These  estimates  may  be  conservative,  since  none  of 
the  tests  involved  adverse  maneuvers  like  those  required  from  the 
SST,  relatively  few  runs  were  made  (e.g.  22  in  Chicago) ,  and  few 
sensing  devices  were  utilized. 


The  figures  showing  reflections  have  been  simplified  for  illustration 
purposes.  The  shock  waves  do  not  actually  break  into  separate  pieces 
The  principal  reflection  products  are  connected  by  a  continuous  band 


which  has  less  strength  than  the  principal  portions  shown.  As 
the  distance  from  the  point  of  the  reflection  is  increased,  the 
stronger  portions  of  the  reflected  wave  tend  to  even  out  with  the 
less  strong  portions,  forming  a  uniform  wave  of  reduced  strength. 

Shock  waves  striking  the  ground  at  shallow  angles  near  the  grazing 
angle  an  also  reflected  more  efficiently  and  from  more  types  of 
surfaces  than  shock  waves  striking  at  larger  angles.  An  addition 
high  in  the  air  can  strike  passing  aircraft,  but  none  of  the  shock 
waves  are  likely  to  affect  an  aircraft  because  of  its  sturdy  design. 
See  Hubbard ,  Nature  of  the  Sonic  Boom  Problem,  in  Symposium  on 
Sonic  Boom,  39  Acoustical  Soc.  Amer.  J.  (1965) . 

PAA  minimum  standards  have  been  set  at  1.5  psf  for  cruise  and  2.0 
psf  during  climb.  The  British  Concorde  is  projected  to  have 
lower  average  overpressures  because  it  is  a  smaller,  lighter  plane 
and  will  travel  at  a  lower  speed  than  the  American  SST.  See 
Thompson  &  Parnell,  supra  note  2. 

See  Comments  of  Maynard  Pennel,  the  Boeing  SST  director,  supra 
note  13. 

The  measurement  of  the  overpressures  was  made  at  practically  the 
same  location  as  the  affected  object,  so  the  localized  shock  wave 
was  measured. 

See  Boom  in  a  Ghost  Town,  Business  Week,  Dec.  12,  1964,  p.  29; 
Effects  of  Sonic  Booms  on  Buildings,  4  Materials  Research  & 
Standards  582  (1964) . 


An  sxample  of  the  destructive  force  of  a  sonic  boom  produced 
at  low  altitudes  occurred  in  Ottawa,  Canada  when  an  P-104 
fighter  broke  the  sound  barrier  while  flying  some  500  feet 
above  the  new  Ottawa  air  terminal.  All  the  windows  on  one 
side  were  smashed,  and  the  roofing  was  ripped  significantly. 
Fortunately  there  were  no  serious  injuries  to  persons,  since 
the  terminal  had  not  yet  opened  for  general  use.  See  Ef fects_of 
Booms  on  Buildings,  4  Materials  gpearch  &  ^andard^  582 

(1964) . 

Hohenemser,  The  Supersonic  Transport,  8  jcientist  fi  Citi|en  1 
(Apr.  1966) .  For  an  interesting  article  concerning  fatigue  in 
aircraft  structures,  see.  Trapp  S  Forney,  A  Review  of  Acoustical 
Fatigue,  in  Fatigue-An  Interdisciplinary,  Ajpproach  (Syracuse  U. 

Press  1964) . 

von  Gierke,  Effects  of  Sonic  Boom  on  People;  Review  and  Outlook, 
in  Symposium  on  Sonic  Boom,  39  Acoustical  goc.  toer.  J.  (1965). 

A  three- fold  increase  in  frequency  is  the  equivalent  of  a  two-fold 
increase  in  pressure  with  regard  to  loudness.  See  Warren,  su£ra 

note  32 .  . 

One  estimate  places  the  average  for  present  day  fighters  at  17  cps 
and  for  the  SST  at  1.7  cps. 

See  Broadbent  fi  Robinson,  Subjective  Measurements  of  the  Relative 
Annoyance  of  Simulated  Sonic  Bangs  and  Aircraft  Noise,  1  J. 


&  Vibration  162  (1964) . 
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47.  See  Kryter,  Laboratory  Tests  of  Physiological  Psychological 
Reactions  to  Sonic  Booms,  in  Symposium  on  Sonic  Boom,  39 
Acoustical  Soc.  Amer.  J.  (1965) j  Kryter,  Psychological  Reactions 
to  Aircraft  Noise,  151  Science  1346  (1966) . 

48.  See  Kryter  £  Pearson,  Laboratory  Tests  of  Subjective  Reactions 
to  Sonic  Booms,  (NASA  CR-187,  1965). 

49.  These  include  tests  over  St.  Louis  in  1961-2  (53  flights  in  4 
months) ,  Oklahoma  City  in  1964  (1253  flights  in  6  months) ,  and 
Chicago  in  1965  (22  flights  in  2  months) .  - 

50.  One  complaint  per  63,000  person-exposures  was  reoeived  in  Oklahoma 
City  (a  total  of  12,500  complaints  in  6  months) .  At  this  ratio, 
each  transcontinental  SST  flight  would  result  in  about  150  official 
complaints . 

51.  See  Nixon  £  Borsky,  Effects  of  Sonic  Boom  on  People:  St.  Louis, 
Missouri  1961-1962,  in  Symposium  on  Sonic  Boom,  39  Acoustical 
Soc.  Amer.  g.  '(2965). 

52.  See  Sonic  Booms  of  SST  May  Prove  Unacceptable  to  25%  of  People 
Affected,  74  S.A.E.  Journal  88  (June  1966) . 

’  ESS  ss - 


53. 


54. 


If  everyone  affected  by  the  test  had  a  most  favorable  attitude, 
the  8%  would  represent  48,000  people.  Comparable  figures  for 
persons  with  least  favorable  attitudes  are  43%  and  258,000. 


See  The  Sonic  Boom  Comes  Home,  2  tetronautics  £  Aeronautics  70 


(Sept.  1964) 
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55.  See  Stanford  Research  Institute,  Report  on  Data  Retrieval  and 
Analysis  of  USAF  Sonic  Boon  Claims  Files  84-85  (1967)  (hereinafter 
cited  as  SRI  Report) . 

56.  See  SRI  Report  84-87.  The  SRI  Report  indicates  that,  although 
the  number  of  claims  for  damage  to  animals  is  small  relative  to 
the  number  of  claims  for  damage  to  structures,  fche  average  amount 
paid  per  claim  for  animal  damage  is  significantly  higher  than 
that  paid  per  claim  for  structural  damage:  $775  for  damage  to 
animals  as  opposed  to  $102  for  damage  to  structures. 

57.  This  analysis  uses  the  same  method,  but  more  conservative  figures 
as  that  used  by  Lundberg  in  The  Menace  of  the  Sonic  Boom  to  Society 
and  Civil  Aviation,  FFA  Memo  PE- 19  (Stockholm,  1966) . 
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Part  II 

Footnotes  -  Chapter  2 

1.  Hie  flight  paths  most  likely  to  produce  sonic  booms  which  will 
effect  the  Quincy  area  include  those  connecting  the  eastern  metro¬ 
politan  areas  of  Boston,  New  York,  Philadelphia,  and  Washington, 

D.C.,  with  the  western  metropolitan  areas  of  Denver,  San  Francisco, 
and' Los  Angeles,  in  addition  to  the  two  paths  connecting  Los  Angeles 
with  Detroit.  Typical  figures  used  to  compute  the  estimate  include 
the  following  number  of  daily  flights  in  one  direction:  one  flight 
from  Denver  to  Philadelphia,  five  flights  fro..)  San  Francisco  to 
Washington,  D.C.,  and  ten  flights  from  Los  Angeles  to  New  York. 
According  to  presently  authorized  routes,  at  least  American  Airlines, 
United  Airlines,  Continental  Airlines  and  Trans  World  Airlines  would 
be  users  of  these  flight  paths.  Moody,  Transportation  Manual 
(Sept.  1965) . 

2.  See  Tabb  v.  United  States,  10  Av.  Cas.  17410  (D.Ga.  1965);  Dabney 

v.  United  States,  249  F.  Supp.  599  (D.N.C.  1965) j  Brown  v.  United 
% 

States,  230  F.  Supp.  774  (D.  Mass.  1964). 

3.  See  Comment,  Sonic  Booms  -  Ground  Damage  -  Theories  of  Recovery,  32 
J.  Mill*  *  Com-  596»  597  U966). 

4.  See  Summers  v.  Tice,  33  Cal. 2d  80,  199  P.2d  1  (1948),  which  enunciates 
the  doctrine  that  plaintiff  must  not  be  denied  recovery  merely  be¬ 
cause  he  cannot  identify  which  of  two  defendants  actually  caused  the 
damage.  Each  defendant  was  equally  likely  to  have  caused  the  damage 


and  one  of  them  surely  did;  they  were  held  jointly  and  severally 
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not  submitted  a  revision.  Decisional  law,  nowever,  has  been  to 
the  effect  that  the  airplane  is  not  an  inherently  dangerous  in¬ 
strument  when  operated  by  a  competent  pilot  exercising  reasonable 

i 

care,  gee,  e.g\  ,  Johnson  v.  Central  Aviation  Corp. ,  103  Cal.  App. 

2d  1022,  229  P.2d  114  (1951). 

32.  See,  £•£.♦»  Adams  &  Sullivan  v.  Sengel,  177  Ky.  535,  197  S.W.  974 

(1917) .  ! 

33.  See  generally  Comment,  Burden  of  Proving  Negligence  in  Non-Trespass 
Blasting  Cases  Lightened,  30  Fordham  L.  Rev.  544  (1962) . 


wwfcnw 


